Interaction with Limited Resource Systems in the Context of Sustainable Mobility: User Experience when Dealing with Electric Vehicles in Critical Range Situations by Rauh, Nadine
Interaction with limited resource systems in 
the context of sustainable mobility: 
User experience when dealing with electric 
vehicles in critical range situations 
 
Nadine Rauh 
Dissertation 
vorgelegt der Fakultät für Human– und Sozialwissenschaften  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Author:   Nadine Rauh 
Design of the cover picture: Sylvia Hänsel 
  
 
Interaction with Limited Resource Systems in 
the Context of Sustainable Mobility: 
User Experience when Dealing with Electric 
Vehicles in Critical Range Situations 
 
 
Dissertation 
 
zur Erlangung des akademischen Grades 
doctor rerum naturalium (Dr. rer. nat.) 
 
vorgelegt der Fakultät für Human- und Sozialwissenschaften  
der Technischen Universität Chemnitz 
 
 
vorgelegt von: Nadine Rauh, geboren am 04.04.1987 in Frankenberg 
eingereicht am: 23.06.2017 
Gutachter:  Prof. Dr. Josef F. Krems, Technische Universität Chemnitz 
   Prof. Dr. Mark Vollrath, Technische Universität Braunschweig
 
ACKNOWLEDGEMENTS    |i 
Acknowledgements 
The present dissertation would not have been possible without the essential support and 
encouragement provided by a great number of people. First of all, I want to thank Prof. 
Krems for supervising and supporting me during the last years and giving me the 
opportunity to investigate such an interesting, inspiring and contemporary field of 
psychological research. Moreover, I would like to thank Prof. Vollrath for his willingness to 
serve as a referee for my PhD thesis. 
In addition, very special thanks to Thomas Franke, who has started the research on driver-
range-interaction at Chemnitz University of Technology and enthused me with this field of 
research during my work as a student assistant and when I conducted my diploma thesis 
under his guidance. Thank you very much, Thomas, for your support during the last years, 
for your comments, recommendations and advices, for all the productive discussions and 
the helpful ideas, for the proofreading and for your time, whenever I needed assistance or 
encouragement! 
Furthermore, I would like to thank my colleagues from Cognitive & Engineering Psychology 
for the good working atmosphere, for all the valuable discussions and the help provided. 
Especially, my thanks go to Madlen Günther, Franziska Schmalfuß and Franziska 
Hartwich, as well as my former colleagues Maria Trantow, Claudia Mair and Dorothea 
Langer for supporting me with their good ideas, heartening words and relieving laughs. 
Thank you for sharing the heights and depths on the way to a successful PhD thesis with 
me and for the friendly, motivating and understanding atmosphere, which made working 
with you a great pleasure! Also, big thanks to my former student and now colleague 
Christiane Attig for all the time she invested in helping me. I am looking forward to return 
the favor as soon as you will start with your PhD thesis, Christiane! Furthermore, I want to 
thank Martin Schneider for the technical support at any time of day and night as well as 
the stimulating discussions and relaxing breaks. Finally, my thanks go to my student 
assistants who supported me during the investigation periods of my field studies.  
   
ii|    ACKNOWLEDGEMENTS 
 
Additionally, I would like to express my deepest gratitude to my family for all their love and 
kind understanding. Thank you so much for sharing my excitement regarding the first test 
trials of my field studies or the findings I examined as well as my delight regarding a 
published paper or successful talk! Especially, I would like to thank my parents Angela und 
Tilo Rauh, my sister Linda and Marco for always listening to my sorrows, helping me with 
advices, always believing in me and my work, reminding me what matters the most and 
always being on the scene, when I needed them. You are just the best! And thank you, 
Linda, for all the hours you spent proofreading with me in the last days before I have 
finished the work on my PhD thesis! 
Many thanks also have to go to my dearest friends. Kristin, Michaela, Svenja, Melanie, 
Lisa, Fanny, Sylvia and all the others: You were great! Thank you so much for everything. 
Having you all around prevented me from losing the balance between work and life. I 
deeply enjoyed the cheerful hours you gave me! 
The present dissertation would not have been possible without several projects, giving me 
the opportunity to conduct different field studies with battery electric vehicles to examine 
my research questions. First, the MINI E projects in Berlin (support codes: 16EM0003, 
16EM0070) and second, the project “BMW ActiveE Leipzig – long-distance commuters” 
(support code: 16SBS014B), which were both funded by the German Federal Ministry for 
the Environment, Nature Conservation, Building and Nuclear Safety. Finally, the project 
“Freiluftlabor ‘Neue Mobilität’ am Sachsenring”, which is funded by the Free State of 
Saxony (grant number: 100172504) in the scope of the initiative “Elektromobilität 
verbindet” [“electromobility connects”] as part of the German programme “Schaufenster 
Elektromobilität” [“showcase electromobility”]. Any views and statements, which are 
expressed in the context of this thesis, are those of the author and do not necessarily 
reflect those of the funding bodies or partners involved in the different projects. I also want 
to thank all the committed participants, who shared their experiences, assessments, 
knowledge and doubts with me. 
ZUSAMMENFASSUNG    |iii 
 
 
ZUSAMMENFASSUNG 
Der globale Klimawandel gehört zu einem der wichtigsten Themen, die in Politik, 
Wirtschaft und Wissenschaft diskutiert werden. Der Reduzierung des weltweiten CO2-
Ausstoßes wird dabei ein besonderer Stellenwert beigemessen. Auch im Transportsektor 
wird eine Verringerung der CO2-Emissionen angestrebt. Um dieses Ziel zu erreichen sollte 
die Nachhaltigkeit im Transportwesen erhöht werden. 
Elektrofahrzeuge können enorm zu diesem Ziel beitragen. Dies setzt voraus, dass sie 
während ihrer gesamten Nutzungsphase mit Strom aus regenerativen Energien geladen 
werden. In diesem Zusammenhang ist es wichtig, auch bei der Produktion auf eine 
möglichst hohe Nachhaltigkeit zu achten. Das bedeutet, dass die Ressourcen, die zur 
Produktion eines Elektrofahrzeugs (zum Beispiel Energieressourcen oder eingesetzte 
Materialien für die Batterieproduktion) möglichst gering gehalten werden sollten. 
Daher wird empfohlen, die maximale Kapazität einer Batterie und somit die verfügbare 
Reichweite eines Elektroautos gemäß der tatsächlichen Reichweitenanforderungen der 
Fahrer auszulegen. Dies bedeutet jedoch, dass Elektroautofahrer mit vergleichbar 
geringeren Reichweiten umgehen müssen als beim Verbrennerfahrzeug. Zusätzlich ist 
das Wiederherstellen der Reichweitenressourcen, also das Nachladen des 
Elektrofahrzeugs, mit höherem Aufwand verbunden als das Nachtanken eines 
Verbrennerfahrzeugs, da es heutzutage vergleichbar weniger öffentliche 
Schnelllademöglichkeiten gibt und das Nachladen relativ viel Zeit in Anspruch nimmt. 
Daher wird die Interaktion mit den Reichweitenressourcen eines Elektrofahrzeugs als 
relativ herausfordernd wahrgenommen. Dies führt dazu, dass die reichweitenbezogene 
Nutzerzufriedenheit und das Reichweitenerleben der Fahrer beeinträchtigt und die 
verfügbaren Reichweitenressourcen nicht optimal ausgenutzt werden. Darüber hinaus 
wird die limitierte Reichweite von Elektrofahrzeugen häufig auch als eine der wichtigsten 
Barrieren für die generelle Akzeptanz und Nutzung von Elektrofahrzeugen diskutiert. Um 
das Potenzial eines Elektrofahrzeugs hinsichtlich der Erhöhung der Nachhaltigkeit im 
Transportsektor voll auszuschöpfen ist es daher unerlässlich, Möglichkeiten zu finden um 
diese Barriere unter Beachtung der Anforderungen des Fahrers zu überwinden. 
Ergänzend zu technischen Lösungen wie zum Beispiel der Weiterentwicklung der 
Batterietechnology oder der Implementierung einer größeren Anzahl von öffentlichen 
Schnelllademöglichkeiten, sollten weitere Strategien entwickelt werden um das 
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Reichweitenerleben der Elektroautofahrer zu verbessern und sie zu einer möglichst 
effizienten Ausreizung der verfügbaren Reichweitenressourcen zu befähigen. 
Reichweitenstress ist ein wichtiges Konzept in diesem Zusammenhang. 
Reichweitenstress ist besonders relevant in der Interaktion mit Elektrofahrzeugen auf 
Grund des relativ begrenzten Zugangs zu Schnellladestationen und relativ langer 
Ladedauern. Das Konzept ist aber auch auf anderen Arten der Mensch-Technik-
Interaktion im Transportsektor übertragbar (z.B. auch auf Verbrennerfahrzeuge). Im 
Rahmen der vorliegenden Dissertation wird davon ausgegangen, dass sich 
Reichweitenstress und das breiter definierte Phänomen Reichweitenangst negativ auf die 
Zufriedenheit mit der Reichweite und der effizienten Nutzung von Elektrofahrzeugen 
auswirken. Um den maximalen Nachhaltigkeitseffekt von Elektrofahrzeugen ausschöpfen 
zu können, müssen daher Möglichkeiten gefunden werden um den erlebten 
Reichweitenstress zu verringern und der Entstehung von Stress vorzubeugen. Die 
vorliegende Dissertation trägt zu diesem Ziel bei, indem sie ein detailliertes Verständnis 
zu Reichweitenstress und dem Einfluss verschiedener Resilienzfaktoren im Rahmen von 
5 Zeitschriftenartikeln (4 veröffentlich, 1 zur Veröffentlichung eingereicht) zur Verfügung 
stellt. Resilienzfaktoren meint dabei Faktoren, welche die Fähigkeit des Fahrers mit 
kritischen Situationen umzugehen erhöhen und  somit das Erleben von Stress  verringern. 
Das erste Forschungsziel dieser Arbeit bestand darin, das Konzept Reichweitenstress zur 
Beschreibung des Reichweitenerlebens in kritischen Reichweitensituationen (d.h., 
Situationen mit geringem Reichweitenpuffer) zu etablieren, ein theoretisches 
Rahmenmodell zur Erklärung von Reichweitenstress und möglichen Einflussfaktoren zur 
Verfügung zu stellen sowie eine Methode zur Erfassung von Reichweitenstress im 
experimentellen Kontext zu prüfen. 
Die Ergebnisse der Arbeit konnten zeigen, dass sich das Konzept Reichweitenstress dafür 
eignet, das Erleben der Fahrer zu beschreiben. Das bereits existierende Modell zur 
adaptiven Reichweitenkontrolle wurde auf den speziellen Fall einer Fahrt in einer 
kritischen Reichweitensituation angewendet und um das Konzept Reichweitenstress 
sowie möglicher, aus der Literatur abgeleiteter, Einflussfaktoren erweitert. Dies ermöglicht 
es, potenzielle stressreduzierende Faktoren abzuleiten um diese empirisch in einem 
Feldexperiment zu untersuchen, welches im Rahmen dieser Dissertation weiterentwickelt 
und getestet wurde. Es konnte gezeigt werden, dass es möglich ist, eine kritische 
Reichweitensituation in einem Feldexperiment herzustellen. Die Nutzung einer Coverstory 
ist in diesem Zusammenhang zu empfehlen (z.B. längere Strecke kommunizieren als dann 
tatsächlich gefahren werden muss). 
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Das zweite Forschungsziel bestand darin, den Einfluss potenzieller Resilienzfaktoren auf 
den erlebten Reichweitenstress empirisch zu untersuchen. Basierend auf dem 
weiterentwickelten Modell der adaptiven Reichweitenkontrolle wurden mehrere Faktoren 
abgeleitet, die einen Einfluss auf das Reichweitenerleben haben sollten: (1) Wissen über 
Einflussfaktoren auf die Reichweitenentwicklung oder Wissen über Möglichkeiten zum 
energie-effizienten Fahren, (2) praktische Fahrerfahrung mit Elektrofahrzeugen sowie das 
Erleben einer kritischen Reichweitensituation, (3) Persönlichkeitseigenschaften wie zum 
Beispiel Kontrollüberzeugungen im Umgang mit Technik und schließlich (4) technische 
Systemeigenschaften wie zum Beispiel die wahrgenommene Verlässlichkeit des im 
Fahrzeug integrierten Systems zur Reichweitenschätzung. 
Die Ergebnisse zeigten, dass die Vermittlung von relevanten Informationen zur Reichweite 
eines Elektrofahrzeugs das Reichweitenerleben zum Teil verbessern kann. Insbesondere 
detaillierte Informationen zum energie-effizienten Fahren haben das Potenzial um 
Reichweitenstress zu verringern. Daher sollten dem Fahrer diese Informationen auf 
vielfältigen Wegen zur Verfügung gestellt werden. Dies könnte zum Beispiel über 
Informationsbroschüren, im Rahmen theoretischer Trainings zur Verbesserung der 
Interaktion mit dem Elektrofahrzeug, bereits vor dem Kauf durch den Berater oder 
eventuell sogar im Rahmen der theoretischen Fahrschulausbildung geschehen. Ein 
weiterer vielversprechender Ansatz wäre die Bereitstellung der relevanten Informationen 
direkt während der Fahrt durch Informations-, Assistenz- und Tutorsysteme. 
Praktische Fahrerfahrung sowie das Erleben und erfolgreiche Bewältigen einer kritischen 
Reichweitensituation in einer relativ geschützten Umgebung konnten Reichweitenstress 
ebenfalls verringern. Daher wird empfohlen Probefahrten mit Elektrofahrzeugen sowie 
Praxistrainings anzubieten, die im Idealfall auch eine unterstützte Fahrt in einer kritischen 
Reichweitensituation beinhalten sollten. Durch das aktive Auseinandersetzen mit den 
Grenzen der Reichweite kann ein Lernprozess angestoßen werden, der zu einem 
effizienteren Umgang mit den Reichweitenressourcen des Fahrzeugs führt. Auch in 
diesem Kontext bieten Assistenzsysteme im Fahrzeug ein großes Potenzial. Sie sollten 
so gestaltet sein, dass sie einen aktiven Umgang mit der Reichweite sowie eine kritische 
Auseinandersetzung mit der Reichweitendynamik ermöglichen und fördern. 
In der vorliegenden Dissertation konnte gezeigt werden, dass Persönlichkeitsmerkmal wie 
hohe Emotionale Stabilität und hohe Kontrollüberzeugungen im Umgang mit Technik mit 
einem geringeren erlebten Reichweitenstress zusammenhängen. Dies hat vor allem 
theoretische Implikationen und kann dazu beitragen, relative Unterschiede zwischen 
Individuen zu verstehen. Zudem konnte gezeigt werden, dass technische 
Systemeigenschaften wie die wahrgenommene Verlässlichkeit des Systems zur 
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Reichweitenschätzung (z.B. zu Grunde liegender Algorithmus, Aktualität und Genauigkeit 
der angezeigten Reichweiteninformationen) ein wichtiger Faktor im Zusammenhang mit 
reduziertem Reichweitenstress darstellt. Daher sollte darauf geachtet werden, die 
verbliebene Reichweite eines Elektrofahrzeugs möglichst genau und verlässlich zu 
schätzen (z.B. Integration möglichst vieler Einflussfaktoren in den Algorithmus zur 
Reichweitenschätzung) sowie gut verständlich und nachvollziehbar zu präsentieren. 
Das dritte Forschungsziel bestand schließlich darin, die Relevanz des Konzepts 
Reichweitenstress auch jenseits des experimentellen Settings zu überprüfen. Bisherige 
Forschung konnte zeigen, dass der alltägliche Umgang mit Elektrofahrzeugen eher durch 
das Vermeiden kritischer Reichweitensituationen gekennzeichnet ist. Daher stellte sich die 
Frage, ob Reichweitenstress und der Einfluss der Resilienzfaktoren auch im 
Alltagserleben eine Rolle spielt. Die Ergebnisse einer Langzeit-Feldstudie konnten zeigen, 
dass Reichweitenstress in Form von Sorgen oder Bedenken bezüglich der Reichweite 
durchaus relevant im täglichen Umgang mit Elektrofahrzeugen ist. Zudem konnte gezeigt 
werden, dass die identifizierten Resilienzfaktoren (z.B. praktische Fahrerfahrung und 
technische Systemeigenschaften) auch unter alltäglichen Bedingungen das Erleben von 
Reichweitenstress verringern können. 
Zusammenfassend lässt sich sagen, dass Reichweitenstress ein relevantes Konzept im 
Zusammenhang mit der Interaktion mit Elektrofahrzeugen darstellt. Das Erleben von 
Reichweitenstress kann durch verschiedene Resilienzfaktoren wie zum Beispiel relevante 
Wissenselemente und Erfahrungen positiv beeinflusst werden. Aus den Ergebnissen 
lassen sich Strategien und Design-Empfehlungen für Informations- und Assistenzsysteme 
ableiten. Dadurch kann das Reichweitenerleben verbessert und ein effizienter Umgang 
mit der Reichweite gefördert werden. Dies trägt schließlich auch dazu bei, die 
Zufriedenheit mit Elektrofahrzeugen sowie deren Akzeptanz zu verringern. Somit kann ein 
Beitrag zur Erhöhung der Nachhaltigkeit im Transportsektor geleistet werden. 
Das Elektrofahrzeug stellt in dem Zusammenhang nur ein Beispiel für Systeme dar, die 
einen Umgang mit begrenzten Ressourcen erfordern. Die theoretischen Konzepte, 
Annahmen, Ergebnisse sowie Schlussfolgerungen der vorliegenden Dissertation können 
auch auf andere Formen der Mensch-Maschine-Interaktion übertragen werden, welche 
sich dadurch auszeichnen, dass eine Interaktion mit dem technischen System zu einer 
Verringerung der Ressourcen führt. Diese Arbeit kann also auch einen Betrag dazu 
leisten, den Stress und die mentale Beanspruchung beim Umgang mit diesen Systemen 
zu verringern sowie den effizienten Umgang mit begrenzten Ressourcen zu verbessern.
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I Synopsis 
1 Sustainability in the Context of Road Transport 
In recent years, the topic of the global climate change has become increasingly important. 
Finding strategies to reduce the worldwide greenhouse gas emissions is a major goal for 
policy, economy and science. A relevant area in this regard is the transport sector, which 
accounts for 29% of the worldwide CO2 emissions (International Energy Agency, 2014). 
Many countries invested considerable effort to enable a nearly CO2 neutral mobility (e.g., 
USA; California Air Resource Board, 2012 and several European countries; Landis, 
Schenker, Tovar Reaños, Vonnahme, & Zitzelsberger, 2013). In Germany, 18% of all 
greenhouse gas emissions are caused by the transport sector (Die Bundesregierung, 2016). 
The German government postulated that these emissions have to be reduced by 40% until 
the year 2030 compared to the emissions in 1990 (Die Bundesregierung, 2016). An 
investigation in 2014 revealed that they could only be reduced by 2,6% up to that time 
(Umweltbundesamt, 2017). One possibility to further reduce the CO2 emissions of the 
transport sector is the switch to a more sustainable mobility. Increasing sustainability means 
the establishment of systems that need fewer resources for production and usage (i.e., low-
resource systems; Thatcher, 2013). The electrification of the transport sector can contribute 
to this goal (McCollum, Krey, Kolp, Nagai, & Riahi, 2014). 
Battery electric vehicles1 (BEVs) have a high potential to fulfill the requirements of 
sustainability in the transport sector because they contribute to the reduction of CO2 
emissions (Pietzcker et al., 2014; van Vliet, Brouwer, Kuramochi, van den Broek, & Faaij, 
2011). Furthermore, in comparison to fuel cell electric vehicles, BEVs are highly energy 
efficient (Eaves & Eaves, 2004). Additionally, BEVs can encourage the independence from 
fossil fuels (King et al., 2010). However, for using the full potential of BEVs regarding 
sustainability and reduction of greenhouse gas emissions, they have to be charged with 
electricity from renewable resources (i.e., energy gained from water, sun or wind power). 
Additionally, the necessary resources to produce a BEV (e.g., energy resources and rare 
materials for battery production) should be minimized (Yuan, Li, Gou, & Dong, 2015). 
   
                                                            
1 In the context of the present dissertation, "battery electric vehicles" means passenger cars that are fully powered 
by electricity. 
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Until now, the German government has invested more than 2.6 billion Euros in research and 
development in the field of electromobility. Car manufacturers have invested even more than 
15 billion Euros (Die Bundesregierung, 2016). Nevertheless, only 11,500 out of 3.4 million 
new licensed vehicles in Germany in the year 2016 were BEVs (Kraftfahrtbundesamt, 2017). 
One of the most important barriers for the widespread adoption and acceptance of BEVs is 
their limited range (Bühler, Cocron, Neumann, Franke, & Krems, 2014; Ziegler, 2012; Egbue 
& Long, 2012; Graham-Rowe et al., 2012; Jabeen, Olaru, Smith, Braunl, & Speidel, 2012). 
Currently, most of the available BEVs have an actual usable driving range between 150 km 
and 250 km as stated in the user manuals and communicated in online media. Together with 
relatively long charging durations and sparse public fast charging opportunities up to this 
day, the limited range of battery electric vehicles is still a central topic. Several opportunities 
are discussed to overcome the barrier of limited range. From the technical perspective, it is 
suggested to increase the number of fast charging stations (Chen, Wang & Kockelamnn, 
2015) or enlarge BEVs' driving range (e.g., by extending the battery size). Both opportunities 
are long-term goals which need considerable financial investments. Furthermore, increasing 
battery size counteracts with the goal of higher sustainability, because larger batteries are 
linked to the BEVs’ ecological footprint (Yuan et al., 2015) and cost-effectiveness (Neubauer, 
Brooker, & Wood, 2012).  
It is stated that the production of a BEV with a certain range configuration costs more 
resources compared to the production of a combustion engine vehicle providing a 
comparable range (Franke, Schneidereit, Günther, & Krems, 2015). A BEV can compensate 
for this environmental disadvantage during its usage phase and, consequently, contributes 
to more sustainability in the transport sector. However, increasing the battery size as one 
possibility to reach higher driving ranges requires more resources and, therefore, makes it 
more difficult to compensate for these initial resource costs. Consequently, it is suggested to 
equip the vehicles with a battery capacity that corresponds to drivers' actual travel patterns 
rather than with the maximal possible battery capacity (Franke et al., 2014). However, 
according to this, potential BEV drivers will be confronted with a limited driving range that is 
considerably smaller compared to the range of typical combustion engine vehicles. 
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2 The Challenge of Battery Electric Vehicles’ Limited Range 
and the Contribution of the Present Dissertation 
The electrification of the road transport sector is one of the largest transformations in the 
context of sustainable mobility (McCollum et al., 2014). With the introduction of BEVs, drivers 
are confronted with several challenges compared to combustion engine vehicles such as 
efficient usage of regenerative braking, fewer fast charging opportunities, longer charging 
times and limited range. Previous research indicates that the current range of BEVs seems 
to be sufficient to cover most of the trips drivers have to deal with on a typical day (Streit, 
Clond, Weiß & Vortisch, 2015). Nevertheless, there will be always situations when the range 
resources seem to be insufficient to complete the intended trip (i.e., critical range situations). 
Such critical range situations can occur because the driver plans a longer trip than usual, 
has to go on a further unexpected trip, has forgotten to recharge the BEV or had no charging 
opportunity available. 
When drivers are confronted with a critical range situation, they should utilize the available 
driving range as efficiently as possible. However, previous studies revealed that efficient 
utilization of range resources is a challenging task for the drivers (Franke, Corcon, Bühler, 
Neumann, & Krems, 2012; Franke & Krems, 2013). Moreover, interacting with low-resource 
systems (i.e., such as a BEV) can cause workload and stress (Thatcher, 2013). These results 
might be one explanation for the findings that BEVs’ limited range reduces drivers' range 
satisfaction (Franke & Krems, 2013; Lieven, Mühlmeier, Henkel, & Waller, 2011) and has a 
negative influence on drivers' range experience (Franke & Krems, 2013). 
Consequently, drivers tend to actively avoid critical range situations by maintaining 
considerable range reserves (Franke, Cocron et al., 2012). Therefore, they experience the 
lower limits of the vehicles' range only once a month on average (Franke & Krems, 2013). 
Furthermore, they do not use the BEV for longer trips which could be managed with the 
available driving range but confront the drivers with the lower limits of the vehicles' range 
(Carroll, 2010; Botsford & Szczepanek, 2009). This leads to an inefficient utilization of BEVs’ 
range resources (Franke, Neumann, Bühler, Cocron, & Krems, 2012). Consequently, it is 
difficult for drivers to fully exploit the potential of BEVs to increase sustainability (Franke & 
Krems, 2013; Moore & Barnard, 2012).  
Hence, research should focus on strategies to improve BEV drivers’ sustainable behavior 
(McIlroy, Stanton, & Harvey, 2013). Therefore, it is suggested in the context of the present 
thesis to positively influence the evaluation of available driving range, support drivers to 
utilize the range resources in an optimal way and enhance BEV drivers' range experience 
(i.e., prevent the experience of range stress), especially in critical range situations. The 
concept of range stress is derived from the phenomenon range anxiety and is introduced in 
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the context of the present thesis with the aim to better define drivers' range experience in 
critical range situations. Furthermore, the existing Adaptive Control of Range Resources 
(ACOR) model (Franke & Krems, 2013; Franke 2014) is applied to the context of critical 
range situations. The model is adapted within the present thesis to explain the occurrence of 
range stress as well as possibilities to prevent range stress. 
It is proposed by the author of the present thesis that range stress is comparable to the 
broadly defined concept of stress. Hence, it is assumed that similar factors preventing 
psychological stress should also have the potential to prevent range stress. In literature, it is 
suggested to increase individuals' coping skills (e.g., increasing self-confidence and self-
efficacy) to reduce the stress experience (Lazarus, 1995; Lazarus & Folkman, 1984). 
Previous research identified domain specific knowledge and relevant practical experience as 
important factors to increase an individuals' confidence regarding ones' own abilities and 
self-efficacy (Tschannen-Moran & Woolfolk Hoy, 2007; Bandura, 1977). Furthermore, 
personality traits (e.g., Schneider, 2004) and technical system characteristics (e.g., Navarre, 
Palanque, Barboni, Ladry, & Martinie, 2011) have been discussed as stress reducing factors. 
Hence, the potential of these variables to reduce range stress in a critical range situation are 
investigated in the present thesis through several field studies. 
As stated above, BEV drivers try to avoid the experience of critical range situations and, 
hence, range stress (Franke, Corcon et al., 2012). Therefore, the question arises if range 
stress generally plays a role in the everyday interaction with BEVs over a longer time period. 
Furthermore, the external validity of field experiments is still somewhat limited by the 
specifications of the experimental setup (Roe & Just, 2009). Especially, in the field of 
psychological research on stress, it must be considered that the context of a study in which 
the drivers participated voluntarily or the presence of the experimenters could influence the 
stress experience (Cohen & Wills, 1985). Consequently, the effects of factors which were 
identified to reduce range stress in a field-experimental setting should also be investigated 
in a completely naturalistic setting. Hence, within the present thesis, range stress and the 
effects of several factors preventing range stress are also investigated in a long-term field 
trial, during which drivers interact with the BEV on a daily basis without any manipulations 
from the experimenters.  
SYNOPSIS    5| 
 
3 Overview of the Dissertation 
The following chapters give an overview of the existing research in the field of driver-range-
interaction with BEVs and point out the link to the research topics of the present thesis. 
Furthermore, both are discussed with regard to existing models and results in traffic 
psychology and human factors research (chapter 4 and 5). In this context, a preliminary study 
is presented which was conducted by the author of the present thesis in the context of the 
author’s diploma thesis. Subsequently, the research questions (chapter 6) and methodology 
(chapter 7) are explained. In chapter 8, the results of the research done in the context of the 
present thesis are discussed. Finally, in chapter 9, theoretical and practical implications 
regarding the research questions are drawn. At the end, the preliminary study and the five 
journal papers (four papers are published, one paper is submitted for publication) which form 
the foundation of this thesis are presented (original manuscripts are attached).  
A first preliminary study was conducted in the context of the author’s diploma thesis to 
investigate the influence of considerable BEV driving experience on range anxiety. Results 
revealed that there is variance in drivers’ range anxiety that is related to practical BEV driving 
experience. These results were the beginning of the research done in the present thesis. As 
a first step, a psychological foundation for range anxiety (i.e., the concept of range stress 
and a theoretical framework to describe range stress) was established, and the data of the 
preliminary study was reanalyzed and discussed in the context of range stress (Rauh, 
Franke, & Krems, 2015). Accordingly, it must be noted that the theoretical reflections, the 
provided concept of range stress and the suggested conceptual framework are part of the 
present thesis. The methodological aspects as well as the results of the preliminary study 
are not part of the present thesis because they are included in the diploma thesis of the 
author. Nevertheless, both are used as a starting point for the work done in the present 
thesis. 
Based on the results of the preliminary study the question arises, which facets of experience 
account for the findings. Domain specific knowledge was identified as one important facet of 
experience (Ericsson & Towne, 2010; Ericsson, 2006) and as a relevant factor in the general 
stress research (Lazarus & Folkman, 1984; Morel, Amalberti, & Chauvin). Therefore, a field 
study with drivers who had no practical driving experience with BEVs was conducted to 
investigate the effects of received range-related knowledge on drivers' range experience 
(Paper 1). Additionally, the influences of the first encounter with a critical range situation was 
examined and discussed in Paper 1. To obtain a more detailed understanding of range stress 
and possible influencing factors, the participants were interviewed immediately after this field 
study. They were surveyed regarding actually experienced and potential factors influencing 
range stress. The indications for several factors that are supposed to have a positive 
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influence on drivers' range experience such as personality traits, technical system 
characteristics, more detailed range-related knowledge were provided in Paper 2. As a 
consequence, the effects of personality traits and technical system characteristics on 
inexperienced BEV drivers' range experience were examined in Paper 3. Furthermore, as 
participants mentioned more detailed domain specific knowledge as an important influencing 
factor, a further field study was conducted to investigate the effects of extensive range-
related knowledge (e.g., further explanation of different eco-driving strategies) on 
inexperienced BEV drivers' range experience (Paper 4). Additionally, the effects of long-term 
practical BEV driving experience as well as the influence of the encounter with a critical range 
situation on the experienced BEV drivers are presented in Paper 4. Finally, the question 
arises if range stress is also relevant in everyday interaction with BEVs and if the effects of 
different factors preventing range stress can also be found under daily conditions. Hence, 
the results of a large-scale field trial investigating everyday range stress and stress 
influencing factors are presented and discussed (Paper 5). 
 
Preliminary Study - Rauh, N., Franke, T., & Krems, J. F. (2015). Understanding the impact 
of electric vehicle driving experience on range anxiety. Human Factors, 57, 177-187. 
http://dx.doi.org/10.1177/0018720814546372 
Paper 1 - Rauh, N., Franke, T., & Krems, J. F. (2017). First-time experience of critical range 
situations in BEV use and the positive effect of coping information. Transportation Research 
Part F: Traffic Psychology and Behaviour, 44, 30-41. 
http://dx.doi.org/10.1016/j.trf.2016.10.001. 
Paper 2 - Rauh, N., Franke, T., & Krems, J. F. (2015). User experience with electric vehicles 
while driving in a critical range situation – a qualitative approach. IET Intelligent Transport 
Systems, 9 (7), 734-739. http://dx.doi.org/10.1049/iet-its.2014.0214. 
Paper 3 - Franke, T., Rauh, N., & Krems, J. F. (2016). Individual differences in BEV drivers’ 
range stress during first encounter of a critical range situation. Applied Ergonomics, 57, 28–
35. http://dx.doi.org/10.1016/j.apergo.2015.09.010. 
Paper 4 - Rauh, N., Günther, M., & Krems, J. F. (2017). Positive influence of practical electric 
vehicle driving experience and range related knowledge on drivers' experienced range 
stress. Manuscript submitted for publication. 
Paper 5 - Franke, T., Rauh, N., Günther, M., Trantow, M. & Krems, J. F. (2015). Which 
factors can protect against range stress in everyday usage of battery electric vehicles? 
Towards enhancing sustainability of electric mobility systems. Human Factors, 9, 740-745. 
http://dx.doi.org/10.1177/0018720815614702. 
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4 Interaction with Battery Electric Vehicles' Range 
In the context of the intended switch to a more sustainable mobility, the empirical 
investigation of BEVs was given a higher priority by policy and science. The project MINI E 
Berlin powered by Vattenfall (Krems, 2011; Krems, Weinmann, Weber, Westermann, & 
Albayrak, 2013) was a long-term field study conducted in Berlin. The aim of this study was 
to investigate BEVs regarding the general acceptance and the suitability for everyday use 
(Vilimek, Keinath, & Schwalm, 2012). Based on the experience of drivers who had used the 
BEV for 6 months in their everyday life (two usage phases with 40 participants each), several 
BEV related aspects were investigated. These aspects included regenerative braking and 
low vehicle noise (Cocron, 2014), energy efficiency and driver interface design (Neumann, 
2015), general acceptance and purchase intentions (Schmalfuß, Mühl, & Krems, 2017), and 
driver-range-interaction (Franke, 2014). 
The everyday interaction of BEV drivers with the limited range resources of the vehicle had 
been hardly investigated up to the time when the project MINI E Berlin powered by Vattenfall 
started. Therefore, the findings regarding drivers' experience and behavior when interacting 
with a BEV and dealing with its range (Franke, 2014) made a major contribution to a more 
detailed understanding of driver-range-interaction. Within the present thesis, the research in 
this field is advanced by aspects of range experience especially when drivers are confronted 
with the lower limits of BEVs' driving range. Furthermore, factors improving range experience 
and, therefore, enable a better range utilization are provided and discussed. This chapter will 
give an overview of the most important findings and assumptions regarding driver-range-
interaction and point out the link to the research done in the context of the present thesis. 
4.1 Psychological Reference Values for the Regulation of Range 
Resources 
In previous research regarding driver-range-interaction in the context of BEVs it was 
postulated that BEVs' range can be described on different levels (Franke, 2014; Franke & 
Krems, 2013). The technical level includes the driving range which is technically possible 
under optimal circumstances. It is determined by a standardized driving cycle (André, 2004) 
and based on the BEVs’ maximum battery capacity and consumption related specifications. 
Additionally, three further psychological range levels were postulated which reflect the 
actually usable driving range of a BEV (Franke & Krems, 2013).  
According to Franke and Krems (2013a; see also Franke, 2014) the first range level is the 
competent range. It reflects a driver's maximum achievable driving range under optimal 
conditions based on the driver's skills and abilities. The second range level is the performant 
range. It describes the driving range a driver is able to achieve normally under everyday 
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conditions based on the driver's typical driving style. The third range level is the comfortable 
range and describes the driving range which is utilized by the driver with an optimal user 
experience. It includes a certain range buffer that is defined by a desired ratio of displayed 
available driving range and necessary range resources to complete the intended trip. The 
available range has to be higher than the required range by a certain degree. This buffer is 
necessary for the drivers to feel comfortable and save when interacting with a BEV's range. 
The range buffer as well as the three psychological range levels are dependent on drivers' 
individual characteristics. Knowledge and competence regarding energy efficient driving as 
well as attitudes, habits and motivation regarding energy efficient driving on a daily basis 
together with individual driving styles and personality traits are important examples for 
relevant individual characteristics in this regard. Therefore, BEV drivers' competent, 
performant as well as comfortable range levels and, consequently, their preferred range 
buffer differ between individuals and situations, but can also change over time. Research 
indicates that, for instance, practical driving experience has the potential to change drivers' 
range levels. More experienced drivers achieved a higher competent range and tolerated 
lower range buffers without a negative influence on range experience (Franke et al., 2012). 
The three psychological range levels are important conceptions in the Adaptive Control of 
Range Resources (ACOR) model which was developed by Franke & Krems (2013; see also 
Franke, 2014) to better describe drivers’ range interaction and explain the differences 
regarding drivers’ range utilization. 
4.2 The Adaptive Control of Range Resources (ACOR) Model 
The Adaptive Control of Range Resources (ACOR) model (Franke & Krems, 2013; see also 
Franke, 2014) describes drivers' experience and behavior when dealing with BEVs' range. It 
includes several assumptions, notions and conceptions of different control models (e.g., 
Fuller, 2005; Summala, 2007; Lazarus & Folkman, 1984), which were transferred to the 
context of driver-range-interaction when dealing with BEVs (Franke, 2014). The ACOR 
model is shown in Figure 1 and will be described in more detail in the following paragraphs. 
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Figure 1. The Adaptive Control of Range Resources (ACOR) model. The figure was 
adopted from Franke (2014) and translated into English language. 
 
The ACOR model (Franke & Krems, 2013; see also Franke, 2014) describes the driver-
range-interaction as a control process, during which the available mobility resources (e.g., 
available driving range) and the actual mobility needs (e.g., intended trip length) are 
continuously compared by the driver. The resulting available range buffer is interpreted and 
compared to the drivers’ preferred range buffer. Franke (2014) proposed that drivers have 
an individual preferred ratio of their capabilities (e.g., knowledge regarding range, motivation 
for eco-driving) and the task demands (e.g., available range resources, charging 
opportunities) when dealing with a BEV, which reflects the performant range. Furthermore, 
it is assumed that the drivers try to stay within an individual comfort zone regarding vehicles' 
driving range (i.e., observe a certain range buffer), which reflects the drivers' comfortable 
range. Franke (2014) suggested that drivers try to achieve the preferred ratio of capabilities 
and task demands as well as to avoid exceeding the boundaries of their individual comfort 
zone (i.e., driving with a smaller range buffer) to maintain an optimal range-related user 
experience.  
According to Franke (2014), it is assumed that the drivers' range experience can be impaired 
if there is a perceived discrepancy between the actual and the preferred range buffer. The 
situation (i.e., potentially critical range situation) is evaluated regarding the relevance for the 
individuals' well-being. This evaluation depends on drivers' personality traits (e.g., internal 
control beliefs) and coping skills (e.g., subjective range competence and the ability of energy-
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efficient driving which reflects the competent range). Thus, drivers' assessment of the 
situation can differ between individuals and situations and, furthermore, can change over 
time. Based on individual coping skills and typical coping styles such as the general charging 
behavior, the drivers use several coping strategies with the aim to increase the range buffer 
and, therefore, improve range experience. The coping strategies can include a certain coping 
behavior such as changing driving style or recharging the vehicle. If the used coping 
strategies are successful, a learning process can be triggered which can improve coping 
skills and change drivers' competent, performant and comfortable range to enable a better 
utilization of BEVs' range resources. 
However, Franke (2014) argued that it is quite challenging for drivers to achieve the optimal 
range-related user experience. This is due to the fact that the feedback is delayed and, 
therefore, the positive effect of reducing speed or using regenerative braking more efficiently 
on the driving range is perceivable only after some minutes. Additionally, it needs complex 
processing to include other influencing factors such as route profile and predict the effects of 
influencing factors correctly. Therefore, BEV drivers might be more uncertain regarding the 
criticality of a range situation and, consequently, will not utilize the vehicle's range in an 
optimal way (e.g., maintaining large range buffers). 
Following this argument, it is crucial to support BEV drivers to achieve an optimal range-
related user experience and simultaneously encourage an efficient range utilization. 
Therefore, it is important to identify drivers’ needs and requirements especially in situations 
when the range experience could be impaired (i.e., critical range situations). The present 
thesis addresses this research goal by investigating drivers’ range experience in critical 
range situations and deriving strategies and design recommendations to improve driver-
range-interaction (i.e., better range experience, higher range utilization). 
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5 User Experience in Critical Range Situations 
As stated in the previous chapters, BEVs’ limited range impairs drivers’ range experience 
(Franke & Krems, 2013). Furthermore, it is considered as an important barrier regarding 
BEVs’ acceptance and widespread adoption (Bühler et al., 2014; Ziegler, 2012). Therefore, 
it is the aim of traffic psychology and human factors research to find possibilities 
complementary to technical solutions (e.g., new developments regarding battery technology 
or more fast charging stations) to overcome this barrier with respect to drivers' needs. 
Understanding the occurrence and effects of range stress and the impact of factors 
preventing range stress is an essential requirement to derive design recommendations and 
strategies to improve drivers' range experience. Consequently, the efficient usage of range 
resources (i.e., sustainable behavior) can also be improved. The present thesis contributes 
to this research field. 
In this chapter the concept of range stress is introduced to describe drivers' experience in 
critical range situations. Additionally, it is pointed out how the ACOR model (Franke, 2014) 
can be applied and adapted based on previous findings to illustrate the occurrence of range 
stress. Methodological aspects regarding the investigation of range stress in a field-
experimental study are discussed. Furthermore, potential factors preventing range stress 
(i.e., resilience factors) such as range-related knowledge, practical driving experience, 
personality traits and technical system factors are debated. Finally, the need for investigating 
range stress and the effects of resilience factors under everyday conditions is revealed. 
5.1 The Concept of Range Stress - Conceptual Framework and Empirical 
Investigation 
Range anxiety is one phenomenon which is repeatedly discussed in the context of BEVs’ 
limited range (Birrell, McGordon, & Jennings, 2014; Nilsson, 2014; Tate, Harpster, & 
Savagian, 2009). Although often referred to as the general fear of depleting a BEV's range 
resources completely (Tate et al., 2009; Nilsson, 2014), the term range anxiety was not well 
defined and had no clear psychological foundation at the time the work on the present thesis 
started. The term was used to describe various psychological states, ranging from 
anticipated discomfort or workload (e.g., before purchasing a BEV) to actually experienced 
fear when driving the BEV but also to describe different avoidance behaviors (Nilsson, 2011). 
Range anxiety is proposed as one important barrier to BEV usage, acceptance and adoption 
(Birrell et al., 2014; McIlroy et al., 2013). Hence, to take advantage of BEVs' potential to 
contribute to a sustainable mobility, it is necessary to better understand the phenomenon of 
range anxiety as well as to identify possibilities to reduce range anxiety (i.e., reaching an 
optimal range-related user experience). 
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5.1.1 Range Stress as One Facet of Drivers’ Experience in Critical Range Situations 
In the context of the present thesis, the concept of range stress is established instead of 
using the vaguely defined term range anxiety. It is proposed that range stress describes 
drivers' experience while driving a BEV in a critical range situation (i.e., a situation when 
drivers are confronted with the lower limits of the vehicles range). It is suggested by the 
author of the present thesis that range stress represents one prototypical context for range 
anxiety, because range anxiety is most often referred to as the fear of becoming stranded 
while driving a BEV (Nilsson, 2011; Tate et al., 2009). Based on previous findings regarding 
drivers' experience of limited range (Franke, Neumann et al., 2012; Franke & Krems, 2013), 
range stress is conceptualized as a domain specific form of psychological stress (Lazarus, 
1995).  
In the context of the present thesis, range stress is defined as BEV drivers' actual experience 
(1) while driving in a situation when the available driving range seems not suitable to 
complete the intended trip (i.e., a critical range situation) or (2) being confronted with a 
hypothetical critical range situation (e.g., in an experimental context). Based on different 
classifications in the fields of range anxiety (Nilsson, 2011) and general stress or anxiety 
symptoms (Clark & Beck, 2011), it is assumed that range stress is expressed on four different 
levels: (1) a cognitive level, (2) an emotional level, (3) a behavioral level and (4) a 
physiological level. The cognitive level reflects negative range-related cognitions (e.g., 
concerns about the complete depletion of range resources, doubts regarding reaching the 
intended destination with the BEV). The emotional level includes changes in the range-
related affect (e.g., feeling of nervousness or even fear). The behavioral level reflects certain 
activities (e.g., adapting the driving style to save energy, frequent checking of relevant 
displays to monitor the development of the range buffer) whereas the physiological level 
includes an increased arousal (e.g., increased heart rate or respiratory rate). 
The definition for range stress was initially provided in the paper describing the preliminary 
study and was further developed in the following studies conducted in the context of the 
present thesis. The question arises if the concept of range stress is actually suitable to 
describe drivers’ range experience in critical range situations. The present thesis adds to 
answer this question. 
5.1.2 Adaption of the ACOR Model with the Focus on Range Stress 
To better explain the occurrence of range stress in critical range situations, the ACOR model 
(Franke, 2014) was chosen as theoretical foundation. As stated in the previous chapter, this 
model provides a good foundation to understand BEV drivers' general range experience and 
range utilization. Furthermore, it reveals several factors that might influence drivers' range 
experience. Therefore, the ACOR model constitutes a suitable starting point for investigating 
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user experience in critical range situations to better understand the phenomenon of range 
stress, and to emphasize several factors that should be investigated regarding their potential 
to influence drivers' range stress. The following paragraphs explain in more detail how the 
ACOR model can be applied and adapted in the context of range stress. Therefore, findings 
regarding general stress experience (e.g. Lazarus & Folkman, 1984) and the concept of 
resilience which has been proposed to be promising in the context of sustainable systems 
(Folke, 2006) are used.  
It is assumed that drivers' management of range resources is a continuous control task (i.e., 
monitoring available range resources, arising range needs and the resulting range buffer) 
with the aim to maintain a preferred ratio of available and necessary range resources 
(Franke, 2014). A critical range situation reflects a situation when the available driving range 
seems hardly sufficient to complete the intended trip. Hence, it can be expected that critical 
range situations have a negative impact on range experience. The critical range situation will 
be judged as potentially stressful if there is a perceived imbalance between the available or 
preferred resources of the driver (e.g., available driving range and preferred range buffer) 
and the arising demands of the situation (e.g., intended trip length). 
Incorporating the assumptions and notions of the Transactional Stress model (Lazarus & 
Folkman, 1984), the situation is evaluated regarding the degree of being challenging due to 
the possibility of reaching the intended destination despite of limited range resources, or even 
threatening due to the possible loss of mobility or time (i.e., primary appraisal). Additionally, 
the drivers' coping resources are evaluated (i.e., secondary appraisal). If the coping 
resources (i.e., coping skills such as eco-driving competence) are judged as possibly 
insufficient to effectively handle the situation, range stress will occur. Drivers' individual 
resilience preventing range stress (i.e., drivers' adaptive capacity to handle critical situations 
and avoid discomfort or stress; Bergström, van Winsen, & Henriqson, 2015; Sheridan, 2008) 
influences the evaluation of the situation and is dependent on different resilience factors 
(e.g., knowledge; Morel et al., 2008; experience; Hollnagel, 2011; technical system 
characteristics; Navarre et al. , 2011). 
A conceptual framework which explains the occurrence of range stress and the influence of 
different resilience factors is necessary as basis for further research as well as for deriving 
strategies and design recommendations to enhance driver-range-interaction. The present 
thesis contributes to this research field. 
5.1.3 Empirical Investigation of Range Stress and the Effects of Resilience Factors 
The resilience factors which are provided by the adapted ACOR model have to be 
investigated empirically regarding their effects on range stress and, therefore, their potential 
to improve drivers' range experience. As stated above, previous findings revealed that 
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everyday interaction with BEVs' limited range resources is typically characterized by 
avoidance and not by experience of range stress (Franke & Krems, 2013). According to the 
authors, this is probably due to regulatory processes which can cause an inefficient utilization 
of range resources (i.e., the BEV is not used for longer trips). Previous research examining 
driver-range-interaction under everyday conditions typically lacked the possibility to 
investigate drivers’ experience during or immediately after a critical range situation. Most 
often, drivers’ were only surveyed after a few days or even weeks. Hence, the data can be 
influenced by memory degradation and retrospective biases. Additionally, the relatively rare 
and unpredictable occurrence of critical range situations determines that drivers will not 
necessarily experience comparable critical situations (e.g., different weather or traffic 
conditions which influence the appraisal of coping resources). This makes it difficult to 
examine the influence of resilience factors systematically under controlled conditions. Hence, 
it is often hardly possible to draw conclusions about the causal relation of the investigated 
variables. 
Therefore, a methodology that allows for investigating drivers’ range experience (i.e.,range 
stress) and the effects of resilience factors empirically under controlled conditions seems 
advantageous. Furthermore, the external validity should not be impaired too much to enable 
the transferability of the results. Using controlled field experiments is one possible approach 
in this regard (i.e., actively inducing range stress; e.g., Rauh et al., 2015; Jung, Sirkin, Gür, 
& Steinert, 2015). An appropriate field experimental setup was designed in the context of the 
preliminary study (Rauh et al., 2015). 
In the context of the present thesis, the suggested setup was used in several studies and 
was slightly adapted, for instance, to investigate various settings which differ in the criticality 
of the range situation. Recommendations regarding the design of a suitable field-
experimental setup to investigate range stress and the influence of resilience factors in a 
critical range situation are required. The present thesis contributes to this requirement. 
5.2 Reduction of Range Stress - Influence of Inter-Individual Differences 
and Technical System Characteristics 
In the context of the present thesis, several categories of possible factors that can be 
assumed to account for variance in drivers' experience of range stress are proposed: (1) 
inter-individual differences (e.g., knowledge, experience, competence, personality traits), (2) 
technical system characteristics (e.g., perceived trustworthiness of the range estimation 
system, support through assistance systems, adaptive in-vehicle information systems) and 
(3) environmental factors (e.g., regional structure, route profile, weather conditions, 
surrounding traffic). However, with regard to the aim of providing strategies and design 
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recommendations to improve drivers’ range related user experience, the third category is 
only relevant in so far that the influence of the environmental factors should be considered 
when providing knowledge or designing the range estimation system.  
According to the adapted ACOR model, it is important to change the perception of drivers’ 
coping resources in order to reduce experienced range stress. Increasing the amount of 
coping strategies, enhancing the effectiveness of coping strategies and improving drivers' 
self-efficacy and control beliefs regarding several coping strategies are potential procedures 
in this regard. Based on the findings in the general research on psychological stress (e.g., 
Lazarus & Folkman, 1984) as well as in the field of resilience (Morel et al. , 2008; Hollnagel, 
2011; Navarre et al., 2011) several important factors to enhance drivers' coping resources 
were identified: (1) domain specific knowledge, (2) domain specific experience, (3) 
personality traits and (4) technical system characteristics. It is suggested by the author of the 
present thesis that these factors have the potential to reduce the experience of range stress. 
Therefore, as mentioned before, these factors should be empirically investigated regarding 
their potential to enhance BEV drivers’ range-related user experience when driving in a 
critical range situation. The present thesis contributes to this research field. 
5.2.1 The Influence of Domain Specific Knowledge on Range Stress 
Domain specific knowledge (e.g., range-related knowledge, information regarding eco-
driving strategies) is one important factor to improve drivers' understanding of range 
dynamics (Franke, Neumann et al., 2012; Franke & Krems, 2013; Lundström & Bogdan, 
2012). Consequently, it has the potential to improve BEV drivers' coping skills, which are 
crucial for drivers' stress resistance (Lazarus & Folkman, 1984).  
Furthermore, as mentioned above, the delay of the feedback regarding the effects of range 
influencing behavior as well as the more complex processing needed to, for instance, 
correctly predict range, can cause uncertainty with respect to the criticality of a range 
situation. Moreover, it is assumed in the context of the present thesis that this uncertainty will 
be further increased by incomplete or missing knowledge regarding BEV specific aspects 
such as the energy consumption of the BEV dependent on driving style, route profile, traffic 
conditions, weather conditions or regenerative braking. In previous research, it was widely 
debated that uncertainty is an important stress-inducing factor (Greco & Roger, 2003; 
Paterson & Neufeld, 1987). Hence, it is necessary to reduce drivers’ uncertainty regarding 
BEVs’ range and range influencing factors. It is assumed within the present thesis that 
improving drivers' relevant knowledge can reduce drivers’ uncertainty. 
Hence, it is important to investigate if range-related knowledge can reduce drivers’ range 
stress when driving in critical range situations. The present thesis contributes to this goal by 
examining the effects of information regarding range and eco-driving strategies as well as 
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the influence of route familiarity as one possibility for reducing uncertainty regarding the 
future state of the environment on drivers' range stress. 
5.2.2 The Influence of Practical Driving Experience on Range Stress 
Previous research proposed that practical driving experience with BEVs is positively related 
to variables which are linked to range stress. It could be shown that drivers accepted smaller 
range safety buffers (i.e., positive development of drivers' comfortable range) after a period 
of three months using a BEV (Franke, Cocron et al., 2012). The assumptions of the adapted 
ACOR model imply that a higher individual comfortable range (i.e., lower range safety buffer) 
is related to a lower tendency to experience range stress in a critical range situation. Hence, 
the relation of practical driving experience and range stress has to be empirically 
investigated. 
In the preliminary study (Rauh et al., 2015) BEV drivers who had considerable driving 
experience (i.e., more than 10 years and 10,000 km of BEV usage) and completely 
inexperienced BEV drivers were confronted with a critical range situation. The relatively high 
level of practical BEV driving experience was chosen because previous research indicated 
that only a reasonable level of domain specific competence can be attained after a few 
months of practical experience and that a far longer period of time is necessary to develop 
an optimal level of relevant competence and knowledge (Ericsson, 2006). All drivers 
experienced a critical range situation. Results could show that considerable driving 
experience led to a better range appraisal (i.e., the situation was evaluated as less 
threatening, the individual coping resources were judged higher) and lower range stress 
compared to inexperienced BEV drivers. 
The results of this preliminary study form the starting point for the research done in the 
context of the present thesis. Although the findings are important in the context of reducing 
BEV drivers’ range stress, the investigated considerable practical driving experience can 
constitute a purchase barrier because it implies that drivers would need a long time period 
until they feel perfectly comfortable with the BEV and its limited range. Therefore, the 
question arises if shorter periods of driver-range-interaction have an impact on range stress. 
First results in the context of driver-range-interaction indicate that just a few weeks of 
practical driving experience seem to be sufficient to completely adapt to a BEVs’ range as 
drivers achieved their individually maximum available driving range after three months 
(Pichelmann, Franke, & Krems, 2013). Other authors also argued that driving a BEV leads 
to an adaptation process on range (Burgess et al., 2013; Franke, Günther, Trantow, Rauh, 
& Krems, 2015; Wikström, Hansson, & Alvfors, 2014). In the context of this adaptation 
process, drivers learn to better interact with BEVs' range due to conscious or unconscious 
changes in their perceptions and their driving behavior. Hence, it should be investigated if 
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parallel to the successful adaptation on range also the experienced range stress will 
decrease after a few weeks. The present thesis contributes to this research field by 
presenting results of a field experimental study that was conducted to investigate the 
influence of three months practical driving experience on range stress. 
Furthermore, previous research indicates that an effective adaptation process regarding 
BEVs' limited range can be triggered by active exploration of critical range situations (Franke, 
Cocron et al., 2012). Also in other domains it is argued that the experience of critical incidents 
and moving outside of the individual comfort zone has the potential to stimulate learning and 
expand the limits of the personal comfort zone (Burgoyne & Hodgson, 1983; Brown, 2008). 
Therefore, it is suggested that driving in a critical range situation in a protected environment, 
when drivers' have to move outside of their range comfort zone, has the potential to 
encourage a positive adaptation effect and, consequently, might improve drivers' range 
experience (Burgess et al., 2013). Further research is needed to investigate the effects of 
one single drive when drivers experience a critical range situation in a mostly protected 
environment on BEV drivers' range stress. The present thesis aims at providing first results 
in this research field. The effects of the encounter with a critical range situation on drivers’ 
range experience were examined in two experimental field studies for inexperienced BEV 
drivers. Furthermore, it was investigated if the adaptation process on the vehicles' limited 
range can also be enhanced for experienced drivers. 
Indeed, it has to be considered that practical BEV driving experience and range-related 
knowledge are correlated to a certain extent. An enhancement of individuals’ experience in 
a certain domain such as increased practical BEV driving experience leads also to higher 
domain specific knowledge (Ericsson & Towne, 2010; Ericsson, 2006). Furthermore, 
following the proportions of Anderson (1993), the practical driving experience of BEV drivers 
should facilitate a deeper understanding of range dynamics as well as more detailed range-
related knowledge. At least in the context of energy-efficient driving, previous research could 
show that practical BEV driving experience is related to more knowledge regarding eco-
driving strategies (Neumann, Franke, Cocron, Bühler & Krems, 2015). Additionally, besides 
increasing factual range-related knowledge (i.e., declarative knowledge), it could be shown 
that practical driving experience also increased drivers’ ability to use this knowledge while 
driving (i.e., procedural knowledge) in a mostly automated manner (Helmbrecht, Olaverri-
Monreal, Bengler, Vilimek & Keinath, 2014). Hence, regarding drivers’ range stress, the 
question arises if factual knowledge (i.e., declarative knowledge) would already be sufficient 
to increase drivers’ coping skills and, therefore, has the potential to decrease range stress 
or if practical driving experience has an additional positive effect due to higher procedural 
knowledge. The present thesis provides first findings to answer this question. 
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A further concept which is closely related to domain specific experience and knowledge is 
subjective competence in terms of self-efficacy, confidence regarding individual’s abilities 
and trust in coping skills (Tschannen-Moran & Woolfolk Hoy, 2007; Bandura, 1977). Hence, 
it is assumed in the context of the present thesis that practical BEV driving experience and 
range-related knowledge have a positive influence on drivers’ subjective range competence 
which is defined as drivers' beliefs in their own ability to control factors that have an influence 
on range as well as their personal skill to predict remaining range precisely (Franke & Krems, 
2013). Moreover, it can be assumed that subjective range competence can also contribute 
to a better range experience, as it could be shown to have a positive influence on the 
successful self-regulation of an individual (Hoyle, 2010; Boekaerts , Maes, & Karoly, 2005). 
According to the ACOR model (Franke & Krems, 2013, see also Franke, 2014), drivers’ 
successful self-regulation might play an important role in the process of monitoring and 
regulating the ratio of available and preferred range buffer. Hence, it should be investigated 
if drivers’ subjective range competence has the potential to reduce drivers’ range stress. In 
the present thesis, the concept of subjective range competence in relation to knowledge and 
experience as well as range stress is investigated. 
5.2.3 The Influence of Personality Traits and Technical System Characteristics on 
Range Stress 
According to the adapted ACOR model, several personality traits as well as technical system 
characteristics are supposed to have an influence on the experience of range stress in a 
critical range situation. Regarding personality traits, internal control beliefs in terms of 
individuals' confidence in their own ability to control events affecting them (Rotter, 1966) are 
discussed to be an important factor in the field of human-machine interaction (Beier, 1999). 
Following the assumptions of the adapted ACOR model, control beliefs are a central variable 
for the evaluation of personal coping resources (i.e., secondary appraisal). In the context of 
human-machine interaction, the more domain specific construct of control beliefs in dealing 
with technology was introduced (Beier, 1999). Previous research could show that control 
beliefs in dealing with technology explained individual differences regarding drivers' 
comfortable range (Franke, Neumann et al., 2012; Franke & Krems, 2013). Because drivers' 
comfortable range is supposed to be related to experienced range stress, the influence of 
control beliefs in dealing with technology on drivers’ experience in critical range situations 
should be investigated empirically. Additionally, previous research regarding general stress 
experience could show that high emotional stability (i.e., low neuroticism) is related to lower 
stress (Schneider, 2004; McCrae, 1990; Gunthert, Cohen, & Armeli, 1999). Hence, the 
relation of emotional stability and range stress should be investigated empirically. 
Finally, technical system characteristics are supposed to have an influence on experienced 
range stress. According to the assumptions in green ergonomics (Thatcher, 2013; Hanson, 
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2013), the design of systems that require an interaction with limited resources is an important 
aspect to reduce the workload caused by continuous monitoring and controlling of the limited 
resources. Therefore, the efficient usage of the systems’ limited resources can be enhanced. 
One important element in this regard is the BEV’s range estimation system. The range 
estimation system can be interpreted as a kind of automated system which predicts the 
available driving range based on the current state of charge (i.e., remaining capacity of the 
battery) and information regarding past and actual consumption. The accuracy and reliability 
of this prediction depends on the implemented prediction algorithm (e.g., number of 
considered range influencing factors, precise estimation of the factors' effects on range 
dynamics). 
While driving in a situation with a low range buffer, information regarding state of charge, 
available driving range and current consumption becomes increasingly important. They are 
frequently used to check the development of the available range buffer and to monitor the 
influence of several coping strategies (e.g., energy-efficient driving). Hence, a trustworthy 
and reliable range estimation system is supposed to be one important requirement for 
increased trust in the range estimation system (Hoff & Bashir, 2014; Lee & See, 2004; Xu, 
Le, Deitermann, & Montague, 2015) and, therefore, a reduced uncertainty regarding the 
critical range situation and an improved range experience (Birrell et al., 2014; Neumann & 
Krems, 2016). Hence, individually perceived trustworthiness of the range estimation system 
(i.e., information provided by the range-related displays) is mentioned as one important factor 
that determines user experience (Muir, 2007). Consequently, the relation of perceived 
trustworthiness of the range estimation system and drivers’ experienced range stress in a 
critical range situation should be investigated. 
In the context of the present thesis, the correlations between personality traits and technical 
system characteristics with drivers’ range stress are investigated in one field-experimental 
study. Hence, the present thesis contributes to a better understanding of the effects that 
personality traits and technical system characteristics have on drivers’ range experience. 
5.3 Everyday Range Stress - Relevance of Range Stress and Resilience 
Factors in the Daily Interaction with Battery Electric Vehicles 
In the context of the present thesis, the effects of factors influencing range stress are 
examined mostly during experimental field studies. This approach allows for investigating the 
effects systematically, immediately while experiencing a critical range situation and under 
controlled conditions. However, this approach is somewhat limited with regard to the external 
validity of the results (Roe & Just, 2009). Drivers' knowledge regarding the participation in a 
conducted field study as well as the presence of an experimenter can influence the 
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perception of available coping resources (e.g., social support; Lazarus, 1995; Cohen & Wills, 
1985) and, consequently, the stress experience. Moreover, the question arises if range 
stress is a relevant concept regarding drivers everyday range interaction at all, because 
previous research stated that drivers’ tend to avoid critical range situations (Franke & Krems, 
2013). Therefore, range stress and the effects of resilience factors should be investigated 
while drivers interact with a BEV on a daily basis.  
The present thesis contributes to this research field by providing the results of a long-term 
field trial which investigated dynamics in everyday range stress (i.e., increase the possibility 
of experiencing critical situations). Therefore, drivers with high demands regarding the 
vehicle's range (i.e., long-distance commuters) were recruited. Their vehicle usage profiles 
led to frequent experience of critical situations, which required an active management of 
range resources. By using this approach, the effects of knowledge, experience, subjective 
competence, personality traits and technical system characteristics on the experience of 
everyday range stress could be examined. Regarding the personality traits, drivers' tolerance 
of low-resource situations was examined as a further factor that is mostly related to BEV 
drivers' appraisal of the critical range situation regarding the degree of being threatening or 
challenging (i.e., primary appraisal). Drivers' tolerance of low-resource situations is closely 
related to drivers' preferred range buffer (i.e., comfortable range). Based on the adapted 
ACOR model, it is assumed that a higher comfortable range can predict a lower tendency to 
experience range stress. Hence, it is supposed that drivers' tolerance of low-resource 
situations has the potential to impact the evaluation of a critical range situation and, 
consequently, experienced range stress.  
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6 Research Objectives of the Dissertation 
With the introduction of BEVs as an alternative to increase the sustainability of the transport 
sector, drivers are confronted with new challenges such as the limited range. Until now, 
BEVs' limited range is one of the most important purchase and usage barriers (e.g., Bühler 
et al., 2014; Schmalfuß et al., 2017; Birrell et al., 2014; McIlroy et al., 2014). Therefore, it is 
one aim of traffic psychology and human factors research to characterize factors that can 
lead to enhanced user experience in interacting with low-resource systems such as BEVs. 
One important aspect in this regard is to reduce experienced range stress when driving with 
a BEV especially in situations when drivers are confronted with the lower limits of BEVs' 
range. The present thesis contributes to this aim by focusing on the concept of range stress, 
examining resilience factors to reduce range stress in an experimental setting as well as 
investigating the effects of these factors in the context of the everyday interaction with a BEV. 
The following research objectives are formulated and investigated in the context of the 
present thesis: 
(1) Establishing the concept of range stress to describe BEV drivers' experience when 
confronted with the limited resources of the vehicle as well as advancing a methodology to 
investigate range stress in an experimental setting  
(2) Examining various resilience factors such as range-related knowledge, practical BEV 
driving experience, personality traits and technical system characteristics as factors 
preventing range stress 
(3) Verifying the relevance of range stress for the everyday interaction with BEVs, 
investigating the influence of resilience factors in the daily driver-range-interaction and, 
hence, deriving implications for the external validity of the effects 
In the following paragraphs, these research objectives are explained in more detail, and the 
connection to the papers written in the context of this thesis are pointed out. 
6.1 Research Objective 1: Providing a Conceptual Framework and 
Validating a Methodology to Examine Range Stress and the Influence 
of Resilience Factors 
As stated in the previous chapter, range anxiety is often mentioned as an important core 
element in the context of BEV drivers' range experience (McIlroy et al., 2013; Luettringhaus 
& Nilsson, 2012). At the time of starting the work on the present thesis, there was no clear 
psychological foundation for the phenomenon of range anxiety. Furthermore, it was only 
sparsely investigated in empirical research. Due to the importance of this phenomenon and 
its potential to influence driver-range-interaction, it is necessary to investigate range anxiety 
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in more detail. Therefore, a clearer psychological foundation as well as a conceptual 
framework to explain the occurrence of the phenomenon and the influence of various 
resilience factors are needed. Furthermore, the effects of resilience factors on range stress 
have to be investigated empirically. 
Based on these requirements, the first research objective of the present thesis, providing a 
conceptual framework and validating a methodology to examine the new established concept 
of range stress as well as the effects of resilience factors, was derived. The concept of range 
stress is established as a psychological foundation to describe BEV drivers' user experience 
in the most prototypical situation for range anxiety (i.e., driving in a critical range situation). 
In the paper based on the preliminary study (Rauh et al., 2015), the concept of range stress 
was introduced for the first time.  
Additionally, the existing adaptive control of range resources (ACOR) model (Franke & 
Krems, 2013; see also Franke, 2014) is applied to critical range situations in the context of 
the present thesis. Based on literature and previous research the model is adapted to explain 
the occurrence of range stress as well as the influence of several resilience factors. Hence, 
factors which might have the potential to reduce range stress and, therefore, have to be 
investigated empirically can be derived.  
Furthermore, a previously suggested methodology to investigate range stress in an 
experimental setting (Rauh et al., 2015) is further tested and modified during the two field 
studies described in Paper 1 (likewise Paper 2 and 3) and Paper 4. Based on the results 
described in Paper 1 to 5, the conceptual framework to explain the occurrence of range stress 
as well as the influence of resilience factors is modified. The final version of the Adaptive 
Control of Range Resources in Critical Range Situations model (ACOR-c) is presented in 
chapter 8 "Discussion and Critical Reflection of the Results" of the present thesis. 
6.2 Research Objective 2: Examining the Influence of Range-Related 
Knowledge, Practical Driving Experience, Personality Traits and 
Technical System Characteristics on Range Stress 
As discussed above, reducing range stress is one important aspect in the context of 
improving drivers’ range experience and enhancing the efficient utilization of BEVs’ range. 
Therefore, potential resilience factors should be investigated empirically. Based on the 
ACOR-c model, several factors which have the potential to reduce range stress are identified: 
(1) range-related knowledge, (2) practical BEV driving experience, (3) personality traits and 
(4) technical system knowledge. The relevance of these factors is discussed in detail in 
chapter 5 “User Experience in Critical Range Situations” and are shortly summarized in the 
following paragraphs. 
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The influence of range-related knowledge (e.g., knowledge regarding range and range 
influencing factors) has the potential to enhance drivers' coping skills (Tschannen-Moran & 
Woolfolk Hoy, 2007; Bandura, 1977) and, consequently, might reduce range stress. 
Furthermore, it is discussed as a relevant resilience factor (Morel et al., 2008). The effects 
of minimal range-related knowledge provided immediately before the test drive (Paper 1) and 
of previous system knowledge as well as route familiarity (Paper 3) were investigated in the 
context of a single field study. Based on the results of an investigation conducted immediately 
after this field study (see Paper 2), the effects of more detailed and extensive range-related 
knowledge (e.g., additional information regarding eco-driving strategies) were examined in a 
further field trial described in Paper 4. It is suggested that especially the information regarding 
eco-driving strategies have a positive influence on drivers' coping skills and stress 
experience (Neumann, 2015). 
Besides, practical experience is postulated as an important resilience factor (Hollnagel, 
2011) and is often discussed to have the potential to improve coping skills and, therefore, 
decrease range stress (Luettringhaus & Nilsson, 2012). The effects of three months practical 
driving experience were investigated during a field study, which is described in Paper 4. 
These investigations enable assumptions regarding the effects of just a few weeks of BEV 
driving experience on range stress. Furthermore, as literature proposes that critical incidents 
have the potential to trigger a learning process (Burgoyne & Hodgson, 1983), the influence 
of experiencing one single critical range situation on range stress was investigated. The 
results are discussed in Paper 1 for inexperienced BEV drivers and additionally in Paper 4 
for drivers who had three months practical driving experience with BEVs. 
Furthermore, drivers’ subjective range competence was identified as relevant factor that is 
related to knowledge and experience (Tschannen-Moran & Woolfolk Hoy, 2007; Bandura, 
1977). Hence, the relationship between range-related knowledge as well as practical driving 
experience and subjective range competence was examined (Paper 1 and Paper 4). 
Additionally, it is assumed in the context of the present thesis that subjective range 
competence has a positive influence on drivers’ range stress. Accordingly, it was 
investigated, how drivers' subjective range competence is related to range stress (Paper 3). 
Finally, personality traits and technical system characteristics are suggested to have an 
influence on drivers' range stress, such as it is often discussed in the literature regarding 
psychological stress and general resilience (e.g., Schneider, 2004; Navarre et al., 2011). In 
Paper 3, the effects of emotional stability (i.e., neuroticism) and control beliefs in dealing with 
technology were examined which are supposed to be related to lower range stress. 
Furthermore, it was examined in Paper 3 if higher perceived trustworthiness of the range 
estimation system is related to lower range stress. 
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6.3 Research Objective 3: Investigation of Range Stress and Specific 
Resilience Factors in the Everyday Usage of Battery Electric Vehicles 
As discussed above, the relevance of range stress for the everyday interaction with battery 
electric vehicles has be investigated. Additionally, it is important to examine the investigated 
effects also in a naturalistic setting to ensure a high external validity of the results (Roe & 
Just, 2009). Especially in the context of psychological stress research, it must be considered 
that social support is a relevant factor to reduce range stress (Lazarus, 1995; Cohen & Wills, 
1985) and, hence, the presence of an experimenter in the context of a controlled field trial 
can influence range stress as well as the effects of resilience factors. Therefore, the influence 
of (1) technical background knowledge, (2) practical driving experience in terms of total time 
and distance driven with a BEV as well as the extent of active range exploration, (3) different 
personality traits such as low-range aversiveness and (4) technical system characteristics as 
well as the influence of subjective range competence were investigated also in the context 
of a 3-month field trial which is described in Paper 5.  
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7 Overview of the Methodology 
The findings discussed in the present thesis resulted (1) from different field-experimental 
studies, during which the participants drove one single trip with a BEV in a controlled critical 
range situation and (2) from a long-term project, during which the participants interacted three 
months with a BEV on a daily basis. The results of both methodological approaches are used 
to extend and accommodate the conceptual framework regarding range stress and factors 
preventing range stress (Research Objective 1). Furthermore, the influence of range-related 
knowledge, practical BEV driving experience, personality traits and technical system 
characteristics were investigated in a controlled environment as well as under everyday 
conditions (Research Objectives 2 and 3). 
7.1 Field-Experimental Studies to Investigate Range Stress in a Critical 
Range Situation 
In the preliminary study, a field-experimental setup was conducted which allows for the 
empirical investigation of range stress and the effects of factors preventing range stress in a 
relatively controlled environment. This setup was further tested with little adaptations in two 
additional field studies in the context of the present thesis. The aim was to find the balance 
between a naturalistic setting (i.e., driving with a BEV and experiencing all features of the 
vehicle and the driving environment) and a controlled experimental setting, which allows for 
manipulating several variables and examining the influence of this manipulation on range 
stress. 
7.1.1 General Setup of the Field Studies 
The field studies consisted of one single trip on a defined route and were designed to lead 
to a critical range situation during the test drive to enable the investigation of range stress. 
The procedure was nearly the same in all field-experimental studies. At the beginning, the 
participants received a short briefing on the BEV, its specific functions (e.g., regenerative 
braking) and displays (e.g., digital remaining range display) as well as on the route, they had 
to drive. After a short accompanied training trip to familiarize the participants with the BEV, 
they started with a charging level that was just sufficient to successfully complete the 
intended trip. To ensure the experience of a critical range situation (1) participants were 
confronted with a cover story, in which it was stated that the BEV was not fully charged due 
to unexpected technical problems, and (2) especially the first part of the route led to a 
relatively high consumption level (e.g., driving mostly uphill). At a predefined stop along the 
route, the participants were debriefed and drove an alternative and shorter route back to the 
destination to ensure that they completed the trip successfully. 
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Drivers' range experience in terms of range appraisal (i.e., primary and secondary appraisal; 
Lazarus, 1995) and range stress were examined with questionnaires. Range stress was 
assessed with a single item measurement during the test drive or with the new developed 
range stress scale. Some items of the scale were slightly adapted from a method called 
"range game" (Franke, Neumann et al., 2012), which was developed to assess the individual 
comfort zone of BEV drivers. The final version of the range stress scale can be found in 
Paper 4. Drivers' range appraisal and range stress were assessed (1) before and after the 
test drive with the items framed on a hypothetical critical range situation to ensure the highest 
possible standardization and (2) during the test drive framed on the actual experienced 
critical range situation. 
7.1.2 Specific Characteristics of the Particular Field Studies 
The preliminary study was done in the context of the project MINI E Berlin powered by 
Vattenfall (Krems, 2011; Krems et al., 2013). The used BEV was a converted MINI Cooper 
(MINI E) with an average driving range around 170 km, depending on the driving style (as 
stated in the user manual). Twenty-four participants (12 experienced BEV drivers; 12 
inexperienced BEV drivers) took part. The influence of practical driving experience on range 
stress was examined. For more details see Rauh et al. (2015).  
The first field-experimental study of the present thesis was done in the context of the project 
BMW ActiveE Leipzig – long-distance commuters (Franke, Günther, Trantow, & Krems, 
2015). The used BEV was a BMW ActiveE with a maximum available driving range between 
130 and 160 km, depending on the driving style (as stated in the user manual). Thirty-four 
participants (all were inexperienced BEV drivers) took part. The effect of minimal information 
regarding range and range influencing factors and route familiarity on range stress were 
examined. Furthermore, the influence of one single test drive in a critical range situation was 
investigated. Finally, the effects of personality traits (i.e., emotional stability, control beliefs 
in dealing with technology) and technical system characteristics (i.e., perceived 
trustworthiness of the range estimation system) were examined. Additionally, two different 
criticality levels were examined (critical range situation vs. highly critical range situation), 
because there was no suggestion in literature which criticality level is necessary to induce 
active exploration and, therefore, trigger a successful adaptation process on range. For more 
details see Paper 1, 2 and 3.  
The third study was conducted in the context of the project “Freiluftlabor ‘Neue Mobilität’ am 
Sachsenring” (Neumann, Kreußlein, Cocron, Weichold, & Krems, 2016). The used BEV was 
a BMW i3 with an average driving range up to 160 km, depending on the driving style (as 
stated in the user manual). Sixty-three participants (20 experienced BEV drivers; 43 
inexperienced BEV drivers, all were long-distance commuters) took part. The effects of 
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practical driving experience, detailed knowledge regarding range influencing factors and eco-
driving strategies as well as the influence of one single test drive in a critical range situation 
on range stress were investiagted. For more details see Paper 4. 
7.2 Long-Term Field Trial to Investigate Range Stress in Everyday BEV 
Interaction 
In the present thesis, the effects of several factors preventing range stress were also 
examined in the large-scale field study BMW ActiveE Leipzig – long-distance commuters 
(Franke, Günther, Trantow, & Krems, 2015). One important objective of this project was to 
investigate driver-range-interaction on a daily basis. Therefore, the participants interacted 
three months with a BEV without interventions from the experimenters. The used BEV was 
a BMW ActiveE with a maximum available driving range between 130 and 160 km, 
depending on the driving style (as stated in the user manual). Seventy-two participants (all 
were inexperienced BEV drivers and long-distance commuters) took part. Data was collected 
on four occasions: (1) right at the beginning, before the participants received the BEV, (2) 
after the first week, (3) again after six weeks and (4) a last time, when they returned the 
vehicle. Questionnaires were used to assess relevant variables and everyday range stress 
(three-items measurement regarding range concerns and worries). Additionally, the vehicles 
were equipped with data loggers (e.g., to assess the total distance driven with the BEV as 
one factor of practical driving experience). The influence of relevant knowledge in terms of 
technical system knowledge as well as the effects of practical driving experience (e.g., 
accumulated practice in terms of total distance driven with the BEV) on range stress were 
examined. Furthermore, the influence of personality traits (i.e., low-range aversiveness), 
technical system characteristics (i.e., perceived trustworthiness of the range estimation 
system) and subjective range competence were investigated. For more details see Paper 5.
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8 Discussion and Critical Reflection of the Results 
Enhancing BEV drivers’ range experience and ability to utilize the vehicles’ range resources 
optimally is an important goal with respect to enhance the sustainability of the transport 
sector. In the context of the present thesis, the concept of range stress together with a 
conceptual framework (i.e., ACOR-c) to explain drivers’ experience in critical range situations 
were established. The influence of several resilience factors (e.g., range-related knowledge, 
practical BEV driving experience) were derived from the ACOR-c model and empirically 
investigated in several field studies. Finally, the importance of range stress for the everyday 
interaction with BEVs as well as the effects of several resilience factors in a completely 
naturalistic setting were examined. In this chapter, a short overview of the results is 
presented and the results are discussed with respect to the research objectives of the present 
thesis. Detailed results and a broader discussion are provided in Paper 1 to 5. 
8.1 Research Objective 1: Providing a Conceptual Framework and 
Validating a Methodology to Examine Range Stress and the Influence 
of Resilience Factors 
The introduced concept of range stress seemed to be suitable to describe BEV drivers' 
experience when confronted with the lower limits of the vehicles’ range. It was proposed that 
range stress is expressed on four different levels (cognitive, emotional, behavioral, 
physiological). It is rather challenging to investigate the behavioral level regarding range 
stress in an experimental setting, because behavior such as recharging the vehicle, changing 
the vehicle, changing the route or aborting the trip would interrupt the experiment and lead 
to lower comparability between the participants (i.e., lower internal validity). One opportunity 
to overcome this challenge is to investigate the behavioral level indirectly by examining 
drivers' intentions regarding a specific behavior, because literature could show that the 
intention towards a specific behavior in a concrete situation can be a good predictor for 
actually shown behavior (e.g., Theory of Planned Behavior; Ajzen, 1991). 
In the context of the present thesis, the cognitive level (e.g., range-related concerns), the 
emotional level (e.g., nervousness) and indirectly the behavioral level (i.e., behavioral 
intentions) were examined with several items each. Results of the conducted field 
experiments showed that these items could reveal differences regarding drivers' experience 
in a critical range situation (Paper 4). It can be argued that the emotional level might be less 
prominent in an experimental setting because of the controlled environment, the 
responsibility of the researchers and the presence of an experimenter. 
In further studies, the direct range-related behavior in terms of glance behavior or driving 
behavior should be investigated in more detail. By using portable eye-trackers, it might be 
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possible to investigate the number of glances as well as glance durations towards different 
range-related displays and the shifts between various displays which differ in their relevance 
for assessing the range situation. This can contribute to a better understanding of drivers' 
monitoring behavior (e.g., checking the available range buffer) in critical range situations. 
Additionally, changes in driving behavior (e.g., more energy-efficient driving) should be 
examined in future research. It is supposed that the change to a more energy-efficient driving 
style (e.g., reducing driving speed, switching off auxiliaries) can be indicative for range stress. 
However, it must be considered that the change to a more energy-efficient driving style in a 
critical range situation might be one kind of anticipatory or compensatory coping and, 
therefore, constitutes a strategy to avoid the occurrence of range stress and no indicator for 
range stress. 
8.1.1 The Adapted ACOR Model (ACOR-c) with the Focus on Range Stress 
The ACOR model (Franke, 2014) was applied to the context of driving a BEV in critical range 
situations and was adapted to better describe the occurrence of range stress as well as the 
influence of resilience factors. In the ACOR-c model, the concept of primary appraisal 
(Lazarus & Folkman, 1984) including the evaluation of the situation regarding the degree of 
being challenging or even threatening was integrated in the evaluation process of the 
situation. Furthermore, the concept of secondary appraisal including the evaluation of the 
individual coping resources was incorporated. The resulting stress experience was added to 
describe drivers' experience in a critical range situation on different levels (e.g., cognitive and 
behavioral level). The experienced stress is assumed to be one driver for the utilization of 
several coping strategies to reduce the criticality of the situation and, therefore, reduce range 
stress, improve range-related user experience and manage the situation successfully. 
Situational demands (e.g., charging opportunities and time pressure) as a further influencing 
factor on the decision for a certain coping strategy were also integrated in the model. 
Additionally, the model was extended by domain specific knowledge and practical driving 
experience with the different facets investigated in the present thesis as well as technical 
system characteristics as important influencing factors for drivers' range experience. The 
final version of the ACOR-c model is depicted in Figure 1. 
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Figure 1. The Adapted Control of Range Resources in Critical Range Situations (ACOR-c) model. The perception 
of a discrepancy between the available and the preferred range buffer in a critical range situation leads to a 
deeper evaluation of the situation. If the situation is judged as threatening (primary appraisal) and the available 
coping resources are perceived as insufficient (secondary appraisal), range stress will result. Factors such as 
domain specific knowledge, practical driving experience, personality traits and technical system characteristics 
can influence the perception of coping resources and, consequently, range stress. 
 
8.1.2 Empirical Investigation of Range Stress in a Field-Experimental Setting 
Regarding the methodological aspect, the findings of the present thesis reveal that it is 
possible to induce a critical range situation (i.e., available driving range is hardly or even not 
sufficient to complete the intended trip) throughout a controlled field-experimental study 
(Paper 1 and 4). Furthermore, it could be shown that this setup is adequate to investigate 
drivers' range stress and induce active exploration of the BEVs' range limits which, 
consequently, contributes to an enhanced range experience. Two different levels of criticality 
were tested (i.e., critical situations with small range buffers and very critical situations with 
negative range buffers), but revealed just small differences in the result patterns (Paper 1). 
Therefore, it can be stated that it is sufficient to use a setup which leads to the experience of 
small range buffers. A setting with clearly insufficient range resources is not required.  
Several possibilities to induce a critical range situation are proposed in the present thesis. 
The first one is to find a route that enables driving with small range buffers but simultaneously 
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ensures a safe return without running out of energy before reaching the destination. A good 
opportunity is finding a route that includes high consumption at the beginning of the trip due 
to elevation or speed profile which leads to a critical range situation and lower consumption 
on the second part of the trip to ensure a safe return. However, an optimal route that fulfills 
all necessary requirements might be hard to find under everyday conditions. Furthermore, 
this approach needs considerable time and effort to find the optimal route and starting 
configuration regarding initial battery capacity (i.e., available driving range compared to trip 
length). Additionally, unexpected events (e.g., traffic jam, diversions) involve the danger of 
exhausting the range resources before reaching the destination. This can contribute to a less 
positive perception of BEVs' range and counteract with the intended positive adaptation 
effect of successfully dealing with a critical range situation.  
Hence, a second approach was investigated. Results showed that using a cover story is a 
good opportunity to examine range experience in critical range situations. It is suggested that 
within this cover story a longer route than actually has to be driven should be communicated. 
Furthermore, unexpected charging problems to justify the relatively low driving range 
compared to the intended trip length should be reported. Besides the independence of an 
optimal route for examining range stress, this opportunity allows for the investigation of a 
wide range of different range safety buffers (e.g., small vs. negative). However, it has to be 
considered that the proposed experimental setup only enables the investigation of relative 
differences regarding range stress due to different influencing factors. Due to the study 
character (e.g., driving in a relatively protected environment, presence of the experimenter), 
it might be possible that the drivers experience lower levels of stress compared to a 
(unexpected) critical range situation in everyday life. 
With these results, the present thesis contributes to a better theoretical understanding of BEV 
drivers' experience in critical range situations (i.e., conceptualization of range stress, 
theoretical framework) and, additionally, to the empirical investigation of range stress under 
controlled field-experimental conditions. Furthermore, the present thesis provides the 
theoretical foundation to derive possible resilience factors and to investigate these factors 
and their influence on range stress in more detail. 
8.2 Research Objective 2: Examining the Influence of Range-Related 
Knowledge, Practical Driving Experience, Personality Traits and 
Technical System Characteristics on Range Stress 
The ACOR-c model with its underlying assumptions provides a good foundation to derive 
possible factors preventing range stress and, therefore, improve drivers' range experience. 
Domain specific knowledge, practical experience, subjective range competence and 
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technical system knowledge are suggested as important factors with respect to the goal of 
developing strategies and deriving design recommendations to reduce range stress. The 
results regarding relatively stable personality traits (i.e., emotional stability) mainly contribute 
to a better theoretical understanding of range stress and can explain the variance between 
individuals regarding their stress experience. 
8.2.1 Influence of Range-Related Knowledge on Range Stress 
The influence of domain specific knowledge was investigated in two field experimental 
studies (Paper 1 and 4). The findings revealed that providing range-related knowledge such 
as information regarding possible range influencing factors slightly improved range 
experience in critical range situations (Paper 1). As postulated in literature (Franke, 2014; 
Morel et al., 2008), it was shown that especially drivers' perception of individual coping skills 
(i.e., secondary appraisal) was enhanced.  
Furthermore, results indicated that higher route familiarity as well as higher technical system 
knowledge were related to lower range stress (Paper 3). However, drivers reported that they 
require more detailed knowledge (e.g., regarding the consumption under different conditions) 
to reduce their uncertainty regarding the range development and, consequently, the 
experienced range stress (Paper 2). Hence, the effect of extensive range-related knowledge 
was investigated (Paper 4).  
Drivers received more detailed information regarding environmental and driver-related 
influences on the BEVs’ consumption such as knowledge regarding eco-driving strategies. It 
was assumed in the present thesis that especially information regarding energy-efficient 
driving have a positive influence on drivers' perception of coping skills and experienced range 
stress. Eco-driving with BEVs is one important element to enable an optimal utilization of 
available range resources (Neumann, 2015). However, it differs from fuel-efficient driving in 
some extent, for instance, due to the efficient usage of regenerative braking as system to 
regain energy (Cocron et al., 2013) and, therefore, has a larger influence on energy efficiency 
(Hill, Blythe, & Suresh, 2010). Consequently, an adaptation to the new functions is necessary 
and energy-efficient driving has to be learned (Cocron et al., 2013; Helmbrecht et al., 2014). 
It is stated that providing knowledge could be one promising strategy to increase the self-
estimated knowledge as well as drivers' subjective competence regarding energy-efficient 
driving (Neumann, 2015).  
The findings provided in Paper 4 showed that the extensive range-related knowledge 
improved drivers' range experience slightly. Inexperienced drivers who received coping 
information and experienced BEV drivers did not differ regarding the experienced range 
stress in a hypothetical critical range situation after the test drive. Therefore, it can be stated 
that providing BEV drivers with domain specific knowledge has definitively no negative 
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impact, but rather can advance the learning as well as the adaptation process to BEVs' range 
and, consequently, improve range experience. 
However, the effect was smaller than expected based on previous findings in literature. One 
reason might be the specific characteristics of the investigated participants. The drivers 
(especially those with BEV driving experience) might represent the group of early adopters 
(Rogers, 2003). They are characterized by a higher willingness to accept and overcome 
several challenges regarding a new technology (Barjak et al., 2009) and are more interested 
in technical systems and, therefore, might have a higher prior knowledge right from the 
beginning (Plötz, Schneider, Globisch, & Dütschke, 2014). Furthermore, all participants of 
the studies done in the context of the present thesis had relatively high control beliefs in 
dealing with technology. Consequently, the effects regarding the influence of range-related 
knowledge found in the present thesis might be underestimated. Nevertheless, different 
groups of participants were investigated (e.g., participants who were recruited via 
newspaper, radio and online media) which enables a high degree of transferability of the 
results to a wide range of potential BEV drivers. 
Furthermore, in the study which was presented in Paper 4, all participants were long-distance 
commuters. Therefore, they were confronted with relatively high demands regarding range 
in their everyday interaction with their combustion engine vehicle. Hence, the drivers possibly 
had a higher knowledge and competence regarding fuel-efficient driving. Although energy-
efficient driving with a BEV includes new aspects (e.g., regenerative braking), several 
strategies are similar such as changing driving speed and moderate acceleration. In terms 
of a positive transfer (Fitts & Posner, 1967), it is possible that the drivers assigned their 
established knowledge and strategies to the new situation of driving a BEV in a critical range 
situation. Hence, the positive effect of range-related knowledge especially regarding eco-
driving strategies might be underestimated. 
Finally, it must be considered that providing factual knowledge can only enhance drivers' 
declarative knowledge, but not the procedural knowledge (Anderson 2013a; Anderson 
2013b). It is supposed that declarative knowledge is important when driving a BEV for the 
first time (Neumann, 2015). However, it is also important to encourage the development of 
procedural knowledge (Anderson, 2013b; McIllroy & Stanton, 2015). Especially with respect 
to eco-driving, it is stated that the theoretical knowledge regarding energy-efficient driving is 
only one facet of drivers' eco-driving competence (Neumann, 2015). Moreover, drivers' 
abilities to implement the knowledge and the resulting performance are further important 
factors (Neumann, 2015). Practical driving experience is one important factor that 
encourages the development of procedural knowledge (Helmbrecht et al., 2014) and 
enhances drivers' abilities to implement eco-driving behavior (Anderson, 2013b; McIllroy & 
Stanton, 2015). 
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8.2.2 Influence of Practical Driving Experience on Range Stress 
In the context of the present thesis, the influence of three-months practical BEV driving 
experience was investigated (Paper 4). Results showed that drivers' practical experience 
with BEVs improved range appraisal in terms of the secondary appraisal (i.e., evaluation of 
individual coping skills) and decreased stress experience in a critical range situation 
compared to inexperienced drivers. This is in line with previous research that could reveal 
that most range adaption occurs during the first three months of BEV usage (Pichelmann et 
al., 2013). 
Furthermore, the effects of a single trip when drivers experienced a critical range situation in 
a mostly protected environment were examined in the context of the present thesis (Paper 1 
and 4). Previous research indicates that the encounter of a critical incident can trigger 
important learning processes (Burgoyne & Hodgson, 1983). Therefore, the active exploration 
of critical situations can stimulate a successful adaptation process to range (Franke, Cocron 
et al., 2012; Burgess et al., 2013). The findings of both field-experimental studies conducted 
in the context of the present thesis revealed that the experience of a critical range situation 
in a mostly protected environment had a positive influence on drivers' range experience (e.g., 
decreased range stress).  Also drivers who had three months practical BEV driving 
experience gained from the encounter of a critical range situation. This contributes to the 
findings that, despite of the fact that a considerable part of the adaption process on range 
takes place in the first weeks of BEV usage (Pichelmann et al., 2013), important learning 
processes also occur after this time period (Rauh et al., 2015).  
8.2.3 Subjective Range Competence as Relevant Factor for Drivers’ Range 
Experience 
In the driving context, theoretical knowledge as well as practical experience are stated as 
important components of competence (Sundström, 2011). Within the present thesis, the self-
reported range competence (i.e., subjective range competence) was investigated. The 
results of the field-experimental studies confirmed that range-related knowledge and 
practical BEV driving experience enhanced drivers’ subjective range competence. 
Furthermore, the concept of subjective range competence could be shown to reduce the 
experience of range stress in a critical range situation. This emphasizes the importance of 
competence for the evaluation of individual coping skills and the appraisal of the critical range 
situation. 
Future research should investigate in more detail how much variance in stress reduction can 
be explained by drivers’ subjective range competence and if drivers’ driving experience and 
knowledge has a further direct effect on drivers’ range experience (e.g., influencing the 
evaluation of the critical situation directly). Furthermore, drivers’ competence regarding range 
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interaction should also be investigated regarding drivers’ actual performance (e.g., eco-
driving competence) in a critical range situation. Therefore, driving data such as average 
consumption and performant or competent range which reflects drivers’ success in 
interacting with the limited range of the BEV should be examined. 
8.2.4 Influence of Personality Traits and Technical System Characteristics on 
Range Stress 
In the context of the present thesis, the influences of personality traits as well as technical 
system characteristics on range stress were investigated (Paper 3). Results showed that 
higher internal control beliefs in dealing with technology were related to a lower stress 
experience while driving in a critical range situation. Furthermore, results revealed that higher 
internal control beliefs in dealing with technology were negatively related with drivers’ primary 
appraisal (i.e., evaluation of the situation as less challenging and threatening).  Additionally, 
internal control beliefs in dealing with technology were correlated to drivers’ secondary 
appraisal (i.e., better evaluation of the individual coping skills). The relation to secondary 
appraisal was stronger compared to the relation to primary appraisal, implying that internal 
control beliefs in dealing with technology are particularly relevant regarding the perception of 
personal coping skills. 
Regarding drivers’ emotional stability results showed that higher emotional stability is related 
to lower experienced range stress. However, drivers' emotional stability was only linked to 
drivers’ primary appraisal of the situation. Results revealed no relationship to the secondary 
appraisal. Therefore, it can be suggested that drivers’ emotional stability is particular 
important regarding the intensity of the stress experience immediately in the critical range 
situation, because the situation is judged as less challenging or even threatening. Hence, it 
can improve range experience. However, it is supposed that emotional stability plays a 
subordinate role regarding the frequency of experiencing range stress in the everyday 
interaction with BEVs and, hence, the efficiency of range utilization. This assumption should 
be investigated in more detail in further studies. 
Additionally, higher perceived trustworthiness of the range estimation system was related to 
lower range stress. Furthermore, it was correlated with lower primary appraisal and higher 
secondary appraisal. Hence, the automated range estimation system in terms of the 
underlying algorithm to predict BEVs’ available driving range as well as the interfaces which 
provide the necessary information is an important factor in the context of drivers’ range 
experience in critical range situations. The relevance of a reliable and trustworthy range 
estimation system was also emphasized by the findings regarding drivers’ assessment of 
stress-reducing and stress-inducing factors (Paper 2). The results showed that drivers’ used 
the remaining range buffer for the evaluation of a critical range situation. Drivers reported 
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that an increase of the range buffer contributed to a lower stress experience, even when the 
buffer was still quite small. Hence, it is proposed that the difference between displayed 
remaining range and remaining trip length is the primary variable that determines user 
experience. 
8.3 Research Objective 3: Investigation of Range Stress and Specific 
Resilience Factors in the Everyday Usage of Battery Electric Vehicles 
One research objective of the present thesis was to investigate the relevance of range stress 
and the effects of resilience factors under everyday conditions. Results revealed that range 
stress was also relevant in the daily interaction with a BEV and is important for drivers' range 
satisfaction and acceptance (i.e., higher range stress is related to lower satisfaction and 
acceptance). It was shown that critical range situations are one prototypic situation for the 
occurrence of range stress, because a less frequent encounter with such situations was 
related to a lower stress experience. 
The influence of domain specific knowledge was not examined explicitly in the long-term field 
trial, but the relation of drivers' technical system knowledge and range stress was 
investigated. However, it revealed no clear results. An effect in the expected direction was 
revealed (i.e., lower stress experience and higher knowledge were related), but it was just a 
weak effect. Drivers’ practical driving experience (e.g., in terms of higher accumulated 
practice) had a positive impact on everyday range stress when interacting with the vehicle 
on a daily basis. Furthermore, it was shown that higher gathered experience from interacting 
with critical situations was related to lower range stress. This supports previous findings 
regarding encounters of critical range situations as important triggers for the adaptation 
process on range. Additionally, the findings confirmed that drivers' subjective range 
competence is one core element in the context of drivers' range experience (i.e., higher 
competence was positively related to lower range stress). Finally, the results revealed that 
lower aversiveness of low-range as well as higher trustworthiness of the range estimation 
system were positively related to a lower experience of range stress in the everyday 
interaction with a BEV. 
Consequently, range stress is one important facet of drivers' experience while driving a BEV 
on a daily basis. The factors investigated in the field-experimental setting were shown to be 
relevant for improving drivers' range experience in the everyday interaction with a BEV. 
Hence, the results of the conducted studies have practical relevance and contribute to the 
aim of conducting strategies and design recommendations to enhance drivers' range-related 
experience while driving a BEV. 
SYNOPSIS    37| 
 
9 Implications of the Results 
In the context of the present thesis, range stress and several resilience factors were 
investigated in controlled field-experimental studies and in a long-term field trial. Range 
stress is especially relevant in the context of interacting with a BEV because of its currently 
limited range in connection with relatively long charging durations and low availability of fast 
charging stations. It is stated within the present thesis that range stress and the broader 
phenomenon of range anxiety have negative effects on drivers' range satisfaction and predict 
a less efficient utilization of BEVs' range. However, to achieve the largest possible 
sustainability effect of BEVs, it is important to increase the efficient usage of range resources 
by reducing the experience of range stress. The present thesis contributes to this aim by 
providing a more detailed understanding of range stress and the influence of several 
resilience factors. Based on the findings provided in the present thesis, strategies and design 
recommendations for in-vehicle information or assistance systems can be developed which 
account for the needs and requirements of BEV drivers to overcome the barrier of BEVs' 
limited range. 
9.1 Implications for the Conceptual Framework and the Methodology 
One aim of the present thesis was to provide a psychological foundation for drivers' 
experience when they are confronted with the BEVs' limited range. Therefore, the concept 
of range stress was introduced and the ACOR model was applied and adapted with the focus 
on range stress. 
Results revealed that range stress and the several levels on which range stress is supposed 
to be expressed are suitable to investigate drivers’ range experience in critical range 
situations. Therefore, it is suggested to use several items that cover drivers' range related 
cognitions, emotions as well as intended behavior (e.g., according to the proposed range 
stress scale, Article 4) to investigate range stress in an experimental setting. Furthermore, 
the behavioral level should be investigated by examining the driving behavior or glance 
behavior in critical range situations. Additionally, it is also important to examine further 
aspects of drivers' behavior connected with critical range situations (e.g., charging behavior) 
to investigate the full range of drivers' range stress on a behavioral level. 
It has to be considered that range stress is a phenomenon which is not unique for BEVs, but 
can also occur while interacting with a combustion engine vehicle that is expected to run out 
of fuel. However, a combustion engine vehicle has typically higher driving ranges than BEVs 
(i.e., longer time periods or driving distances until a critical range situation might occur). 
Furthermore, the refueling network (at least in Germany and other European countries) is 
well elaborated and the time to refuel the vehicle is very short (compared to current charging 
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durations). Additionally, drivers have the opportunity to carry a gasoline canister with them 
for emergencies. Therefore, the challenge of interacting with low-resource situations is more 
likely for BEVs compared to combustion engine vehicles and, hence, range stress is more 
important and has a higher practical relevance for drivers’ experience while driving a BEV. 
This assumption is supported by the findings that drivers are more concerned about the 
range when interacting with BEVs compared to combustion engine vehicles (Franke, 
Neumannet al., 2012) which involved a decrease in drivers’ user experience. Hence, the 
investigation of range stress in the context of BEVs is particularly important. 
The ACOR-c model is a suitable theoretical framework to describe range stress and allows 
for deriving potential resilience factors. The model focuses on the adaptation processes in 
the context of one single trip but, furthermore, allows for assumptions regarding long-term 
learning processes (e.g., improvement of coping resources). Therefore, it constitutes a good 
foundation for future research in this field. Additionally, the model and its underlying 
assumptions are based on general findings in the field of stress research and control theory 
and, hence, are transferable to other systems in the transport sector that operate with limited 
resources that have to be restored. The potential of such a transfer is high for transport 
systems that are newly introduced to the market and initially lack an easy access to 
possibilities for restoring the resources everywhere on the route (e.g., fuel cell cars). 
Furthermore, the model and its assumptions can also be transferred to other forms of human-
machine interaction beyond the transport sector which are characterized by (1) continuously 
reduction of resources during the interaction with the system, (2) the necessity for restoring 
the resources to maintain the functionality of the system which costs, for instance, time 
resources or required special time slots or places for restoring the resources and (3) the need 
for an efficient utilization of the resources. Portable wireless electric devices like 
smartphones in the communication and entertainment sector or battery-charged tools in the 
industrial sector are some examples for such systems. 
Finally, one possible setup is tested in the context of the present thesis which allows for an 
empirical investigation of range stress under mostly controlled field test conditions. 
Especially, using a cover story or concealed opportunities to shorten the trip are suggested 
to induce a critical range situation and simultaneously ensure a safe return. 
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9.2 Implications Regarding Range-Related Knowledge, Practical Driving 
Experience, Personality Traits and Technical System Characteristics 
In the context of the present thesis, the influence of range related knowledge, practical BEV 
driving experience, personality traits and technical system characteristics on drivers' 
experienced range stress were investigated. Results regarding relatively stable personality 
traits (e.g., emotional stability, internal control beliefs) had mostly theoretical implications 
regarding the concept of range stress and the conceptual framework. The findings regarding 
adaptable inter-individual differences (e.g., knowledge, experience, competence) and 
system factors (i.e., trustworthiness of the range estimation system) revealed additionally 
practical implications for the system design and the development of trainings or tutor 
systems. 
Results showed that providing relevant knowledge to potential and actual BEV drivers has a 
positive effect on the experienced range stress. It is suggested to provide relevant 
information regarding range, range influencing factors, consumption under different 
conditions and efficient eco-driving strategies at an early stage (i.e., implement lectures 
about BEVs in the driving school) to enhance the adaptation process on range. Furthermore, 
the information should be provided directly in the driving situation (e.g., eco-driving 
assistance systems, interactive tutor systems). Therefore, the drivers can use the information 
directly to adapt driving behavior and the effects can be discovered immediately which 
enhances the learning process (Eisel, Nastjuk & Kolbe, 2016). Moreover, it was shown that 
the range buffer was an important variable that determines user experience. Hence, it is 
suggested to provide drivers’ continuously with necessary information to correctly evaluate 
this buffer in an easily accessible way (e.g., directly displaying the actual and anticipated 
buffer). Additionally, information systems positively influence energy-efficient driving (Dib, 
Chasse, Moulin, Sciarretta, & Corde, 2014) and, hence, improve drivers’ coping skills and 
reduce stress experience. However, providing drivers' with factual knowledge (i.e., 
declarative knowledge) is just a first step to increase drivers' coping skills (e.g., eco-driving 
skills) and, thus, improve range experience. It is also important to enable drivers to gather 
practical BEV driving experience (e.g., experiencing a critical range situation) to enhance the 
adaptation process on range. 
Additionally, drivers’ insecurity regarding range development and range dynamics is one 
important factor with respect to the efficiency of range utilization. This insecurity can be 
minimized by providing an entire and correct mental representation to the drivers. 
Comprehensible and reliable interfaces are an important possibility in this regard (Lundström 
& Bogdan, 2014). In the present thesis, it is suggested to increase the reliability of the range 
estimation system and, therefore, increase drivers’ trust in the system and reduce 
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experienced range stress. Hence, the algorithms for range estimation must be further 
improved and should consider as many range influencing factors as possible (e.g., 
integration of intelligent navigation; Nilsson, 2011). In this context, it is important to keep the 
drivers in the loop (e.g., comprehensible estimation of remaining range, information 
regarding the included factors as well as their expected influences) to avoid overreliance 
(Popken & Krems, 2011) and a loss of competence (Bainbridge, 1983).  
Regarding the effects of practical driving experience, it is suggested to provide test drives in 
a protected environment during which the drivers experience and successfully manage a 
critical range situation. Hence, it is important to support the drivers during this first encounter 
(e.g., accompany the test drive) in order to avoid a negative experience. Moreover, results 
showed that even experienced BEV drivers can benefit from such a test drive. Hence, it is 
suggested to provide special trainings for BEV drivers to help them to better understand 
range dynamics, reduce their uncertainty regarding BEVs range development and encourage 
active exploration of the lower limits of range (e.g., in connection with an eco-driving training). 
Additionally, special tutor and assistance systems can encourage a fast and successful 
adaptation process on BEVs’ range. The systems should be designed to encourage an active 
and continuous interaction with range, allow for an intensive exploration of range especially 
in its lower limits as well as encourage a critical reflection of range dynamics. In the context 
of the present thesis, the gamification approach is suggested in this regard which is also 
discussed in the context of energy-efficient driving (Diewald, Möller, Roalter, Stockinger, & 
Kranz, 2013). Gamification provides motivating and encouraging feedback with playful 
competition elements and, therefore, is associated with positive affects regarding driving (i.e., 
feelings of pleasure or joy; Simões, Redondo, & Vilas, 2013). Such positive affects regarding 
range might increase the willingness to accept the certain level of workload (Hassenzahl, 
2001) which is required when driving in a critical range situation. 
In sum, one important strategy for enhancing range related user experience is the 
implementation of supporting interfaces which provide relevant information and encourage 
active exploration of range. To use the full potential of this strategy, it is important to consider 
the requirements for interface design which were also recently discussed in the context of 
electromobility (e.g., Neumann, 2015). Hence, complex and various information regarding 
range and range influencing factors should be displayed comprehensible and 
understandable (corresponding to requirements regarding combustion engine vehicles; 
Manser, Rakauskas, Graving, & Jennes, 2010). Furthermore, the displays should be 
designed user-friendly to support drivers in their adaptation and learning process (McIllroy, 
Stanton, & Harvey, 2013). 
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9.3 Implications Regarding Range Stress in the Everyday Interaction with 
Battery Electric Vehicles 
One aim of the present thesis was to answer the question if range stress has practical 
relevance for the everyday interaction with BEVs. Results revealed that, at least for drivers 
with relatively high daily range demands (i.e., long-distance commuters), everyday range 
stress in terms of concerns regarding the BEVs range resources is a relevant aspect of range 
experience. Moreover, it was shown that technical system knowledge tends to be related to 
lower range stress. Different aspects of practical driving experience (i.e., cumulated driven 
distance, encounters of low-range situations) and technical system characteristics (i.e., 
perceived trustworthiness of the range estimations system) were clearly related to reduced 
range stress. Hence, it can be stated that the above suggested strategies and design 
recommendations will improve drivers' range experience in the everyday interaction with 
BEVs. That emphasizes the potential of better displays, adaptive tutor or assistance systems 
and eco-driving trainings (e.g., including one drive in a low-range situation) to reduce drivers' 
concerns regarding BEVs' range and, consequently, encourage a better utilization of range 
resources. 
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10 Conclusion 
The findings of the present thesis revealed that range stress is one important concept in the 
context of drivers’ range-related user experience and the driver-range-interaction. Finding 
possibilities to reduce experienced range stress was identified as one important strategy to 
increase drivers’ range experience and enable a more efficient utilization of available range 
resources. 
In the present thesis, the effects of different resilience factors on range stress were 
empirically investigated. Results showed that higher domain specific knowledge such as 
knowledge regarding range influencing factors and eco-driving strategies had a small 
positive effect on range stress. Especially information that have the potential to reduce 
uncertainty regarding the future development of the range resources such as route familiarity 
was shown to be related to lower range stress. Furthermore, domain specific experience in 
terms of cumulated practical driving with a BEV was revealed as relevant resilience factor. 
Additionally, the encounter of a critical range situation in a relatively protected environment 
led to a decrease in range stress. Finally, personality traits such as internal control beliefs in 
dealing with technology and technical system characteristics in terms of the perceived 
trustworthiness of the range estimation system were related to lower range stress. 
Based in these findings, possible strategies and design recommendations for in-vehicle 
information and assistance systems were derived. In the context of the present thesis it is 
suggested to provide relevant knowledge to the BEV driver through different channels such 
as information booklets, communicate the knowledge during theoretical training sessions or 
providing the relevant information while driving through appropriate interfaces. Furthermore, 
it is recommended to encourage the active interaction with BEVs’ limited range and critical 
reflection of range dynamics to enhance the adaptation process on range. Offering an initially 
test drive before purchasing a BEV, special trainings including the successful management 
of a critical range situation in a mostly protected environment and assistance systems 
encouraging the active exploration of the lower limits of BEVs’ range are promising 
possibilities in this regard. 
Consequently, the present thesis contributes to the aim of improving drivers’ range 
experience and interaction with a BEV as one example for a low-resource system as well as 
enhancing the efficient usage of available range resources. The conceptions, assumptions 
and findings can be transferred to other forms of limited resource systems and, therefore, 
can contribute to the reduction of stress and mental workload when interacting with such 
systems as well as improve the efficient utilization of limited resources.  
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1 INTRODUCTION 
Recently, the marketability of battery electric vehicles (BEV) has become a widely discussed issue. 
Range anxiety has been a perennial feature of this discussion both in media coverage (Almasy, 2010; 
BBC, 2013; Seeking Alpha, 2013) and scientific literature (e.g., Tate, Harpster, & Savagian, 2009). 
Despite frequent discussion of this psychological phenomenon, a comprehensive, empirically-based 
understanding of range anxiety has yet to be developed.  
Literature suggests that range anxiety is a potential barrier for the widespread adoption of BEVs (e.g., 
Luettringhaus & Nilsson, 2012; Egbue & Long, 2012; Nilsson, 2011b). Research has found that range 
anxiety negatively predicts the likelihood of buying a limited-range BEV (Franke & Krems, 2013b), 
range satisfaction (Franke & Krems, 2013a), and users’ confidence for using the BEV for longer trips 
(Carroll & Walsh, 2010). Considerable resources have been invested in finding ways to reduce range 
anxiety in BEV users (e.g., Lundström & Bogdan, 2012). Therefore it is necessary to examine factors 
which may be responsible for variance in range anxiety.  
There are various possible factors that may account for variance in users’ experience of range anxiety 
like (1) individual differences (e.g., personality traits, trust in the BEV and its functions), (2) system 
features (e.g., support through advanced information technology and assistant systems, availability 
of fast charging stations enroute) and (3) environmental factors like daytime (day vs. night) or 
regional structure (urban area vs. rural area). We focus on the first facet. Herein one line of evidence 
suggest that variables related to range anxiety are positively influenced by BEV driving experience, 
such as reduction in range safety buffers over the first three months (Franke, Cocron, Bühler, 
Neumann, & Krems, 2012a), increase of travelled distance between charging events over the first six 
months (Burgess, et al., 2013) and considering range anxiety not longer as a major concern after 
three weeks (Nilsson, 2011b). Also in the conceptual framework of range anxiety by Luettringhaus 
and Nilsson (2012) experience is proposed as one important factor. 
The objective of the present research was to advance understanding of the phenomenon of range 
anxiety and to determine the degree to which practical experience predicts reduction in the different 
levels, on which range anxiety is expressed (cognitive, emotional and behavioral). To this end, a 
quasi-experimental field study research design was utilized, including experienced vs. inexperienced 
BEV drivers who drove a BEV in a standardized critical range situation. We assessed range anxiety on 
different levels. 
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1.1 The phenomenon of range anxiety 
Based on previous empirical work on users’ experience of limited range (Franke, Neumann, Bühler, 
Cocron, & Krems, 2012b; Franke & Krems, 2013a), we propose that range anxiety is best 
conceptualized as domain specific form of psychological stress (Lazarus, 1995). As a working 
definition, we suggest that range anxiety is a stressful experience of a present or anticipated range 
situation, where the range resources and personal resources available to effectively manage the 
situation (e.g., increase available range) are perceived to be insufficient. The experience of stress is 
assumed to be expressed on (1) a cognitive level, (i.e.,  negative cognitions associated with range like 
concerns about running out of energy and not being able to reach the destination), (2) an emotional 
level, (i.e., changes in affect associated with a range situation like feeling of nervousness or even 
fear), (3) a behavioral level, (i.e., certain activities like tapping with fingers on the steering wheel, 
changing driving style to save energy or frequent checking of relevant displays, e.g., range and 
navigation display), and (4) a physiological level, (i.e., increased arousal like an increased heart rate 
or respiratory rate). These four facets have been chosen based on similar classifications in the fields 
of general anxiety/stress symptoms (e.g., Clark & Beck, 2011) and range anxiety (Nilsson, 2011a). 
Range anxiety can also occur in combustion vehicles. However, at present and very likely in the near 
future, the BEV charging network is less dense than the refueling network, charging duration is 
longer, there are no portable charging options as convenient as carrying a gasoline canister, and even 
when fully charged, a BEV has much less range (around 150 km) compared to a combustion vehicle 
(typically > 500 km). Therefore, one can assume that critical range situations are more likely for BEVs, 
and consequently, range anxiety plays a far more prominent role in BEV user experience than in 
combustion vehicles.  
However, previous evidence suggests that dealing with BEV range in everyday use is not 
characterized by experience but by avoidance of range stress (Franke et al., 2012b). That is, users 
actively avoid critical range situations by reserving substantial range safety buffers. Their range 
comfort zone (i.e., comfortable range) is on average only about 80% of their actual available range 
(Franke et al., 2012b; Franke & Krems, 2013a). Comfortable range and range anxiety are closely 
related concepts: The higher the individual comfortable range, the lower the tendency to experience 
range anxiety in a given range situation. Hence, one possible strategy for reducing range anxiety is to 
expand users’ range comfort zone (i.e., reduce the preferred personal range buffer). It has been 
shown that comfortable range increases with BEV experience over a period of three months (Franke 
et al., 2012a). However, is this effect even stronger with longer periods of driving experience? 
Indeed, some research indicates that after a few months, it is only possible to attain an acceptable 
level of competence in a specific domain; whereas, a far longer period of time is needed before an 
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individual is able to develop an optimal level of relevant knowledge and competence (Ericsson, 
2006). 
1.2 A conceptual framework 
Based on self-regulatory models, we have previously proposed that users’ management of range 
resources is best conceptualized as a control task intended to maintain a preferred state (e.g., staying 
within personal range comfort zone), with regulatory processes being dependent on several 
individual variables (e.g., range competence) as well as environmental factors (e.g., route profile; 
Franke & Krems, 2013a). Our conceptual framework is presented in Figure 1.  
Although users will be able to stay within their personal range comfort zone in most daily range 
situations, there will also be situations where the available range buffer (i.e., difference between 
displayed range and trip distance) is smaller than the preferred range buffer (i.e., comfortable range). 
Individual’s comfortable range will develop based on trait variables (e.g., general control beliefs in 
dealing with technology) and coping resources (e.g., knowledge about influencing factors on range, 
skills for saving energy while driving, subjective range competence) that evolve over time. As a result 
of the perceived discrepancy between available and preferred range buffer, the situation will be 
judged as relevant to one’s wellbeing (Lazarus, 1995) and be interpreted (primary appraisal) as a 
challenge (because of the possibility to overcome the situation) and/or threat (because of the 
anticipated loss of mobility and time). This interpretation is also influenced by the appraisal of one’s 
currently available coping resources (secondary appraisal). When these coping resources are judged 
to be insufficient, the situation will be interpreted as a threat and increased stress will result. If users 
perceive their coping resources as sufficient and know effective coping strategies (e.g., to increase 
available range) the situation will be appraised as more challenging than threatening, thereby 
resulting in reduced stress. In sum, this model suggests that coping resources are a major factor that 
predicts lower range stress (i.e., range anxiety) and experience is one factor which can promote 
higher coping resources. 
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Figure 1. A framework for understanding range anxiety. Appraisal of a given range situation is subjectively based on 
personal resources (comfortable range, trait variables, coping resources). Range stress will result when there is a perceived 
discrepancy between available and preferred resources.  
1.3 Hypotheses 
The objective of the present research was to understand the influence of practical BEV driving 
experience on the different levels of range anxiety. To this end, a quasi-experimental field study 
research design with experienced vs. inexperienced BEV users driving in a standardized critical range 
situation was utilized. Based on our conceptual model, we formulated the following hypotheses 
regarding user experience in a range situation involving a small or negative available range buffer 
(i.e., a critical range situation): We hypothesize that higher driving experience with BEVs predicts…  
[H1] … lower threat appraisal (primary appraisal). 
[H2] … lower challenge appraisal (primary appraisal). 
[H3] … higher confidence in one’s abilities (secondary appraisal). 
[H4] … higher control expectancies (secondary appraisal). 
[H5] … lower experienced stress during the test drive on the emotional and cognitive level. 
[H6] … lower experienced stress during the test drive on the behavioral level (glances 
towards range display).  
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2 METHOD  
2.1 Participants 
Two groups of participants, experienced BEV drivers (exp) and inexperienced BEV drivers (inexp), 
took part. Experience with BEV range can be defined based on various indicators whereas many of 
these can be assumed to be strongly correlated (Pichelmann, Franke, and Krems, 2013). For the 
present study we decided to use the total driven km with a BEV as an indicator, because we expected 
that this indicator can be most accurately estimated by the participants. 
Experienced BEV drivers were recruited via a network of BEV drivers in Saxony, Germany (i.e., electro 
mobility websites and personal contacts) and inexperienced drivers were recruited via an online 
screening application that was publicized in newsprint and online media. 12 experienced and 12 
inexperienced drivers took part, all of them male and with no experiences with the specific BEV used 
in this study. The description of group characteristics for both groups is displayed in Table 1. 
Despite of driving experience with a BEV there were no significant (p > .05) differences between 
experienced and inexperienced drivers on these variables. 
 
Table 1: Description of group characteristics for experienced and inexperienced BEV drivers. 
 group M SD MIN MAX 
age 
exp 49 7.50 38 65 
inexp 42 8.83 32 57 
      average daily driving 
distance with any 
vehicle in km 
exp 48.33 53.10 10 200 
inexp 62.92 37.32 10 120 
      
years of driving 
license ownership 
exp 27.25 6.31 20 43 
inexp 23.00 7.92 15 36 
 
     
total driving 
experience with any 
BEV in km 
exp 60500.00 48.17 10000 150000 
inexp 0 0 0 0 
     
years of driving 
experience with any 
BEV  
exp 7.45 4.41 3 17 
inexp 0 0 0 0 
 
To test whether both groups were comparably susceptible to range anxiety on a trait-level, we 
assessed their control beliefs in dealing with technology with the KUT (Beier, 1999) and controlled for 
similar KUT-values in both groups by selecting inexperienced participants based on their KUT values. 
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The KUT has been shown to be a robust predictor of smaller preferred range safety buffers (i.e., low 
susceptibility to range anxiety) in previous research (Franke et al., 2012b; Franke & Krems, 2013a). 
Indeed, after matching on this variable, both groups had very similar KUT values (Mexp = 5.19, SDexp = 
0.77 and Minexp = 5.09, SDinexp = 0.78 on a scale from 1 to 6, t(22) = -0.30, p = .770, d = 0.13).  
Moreover, in order to assess whether there were between-group differences with respect to coping 
resources and comfortable range buffer, we assessed (1) participants’ subjective range competence 
(Franke & Krems, 2013a), a proxy variable for coping resources (Franke & Krems, 2013a) and (2) the 
individual preferred minimum range safety buffer (Franke & Krems, 2013a). Here, the results were 
(1) for subjective range competence Mexp = 4.65, SDexp = 0.68 and Minexp = 4.15, SDinexp = 0.39 on a 
scale from 1 to 6, t(22) = -2.21, p = .038, d = 0.90) and (2) for range safety buffer Mexp = 15.42, SDexp = 
8.65 and Minexp = 25.42, SDinexp = 11.57 on a scale from 1 to 6, t(22) = 2.40, p = .025, d = 0.98).   
Hence relevant differences related to BEV driving experience (e.g., with respect to coping resources 
and comfortable range buffer) were maximized and differences regarding confounding variables 
(e.g., general driving experience, relevant trait variables) were minimized. 
2.2 Field experiment setting  
The BEV used in this study was a converted MINI Cooper (MINI E) with an average driving range 
around 170 km under everyday conditions. The BEV had regenerative braking to recover energy 
during deceleration. Range information was displayed via a digital remaining range display in km 
(range estimation based on charge level and energy consumption over the last 30 km) placed behind 
the steering wheel. An additional charge level display was covered to standardize the presentation of 
range information. Moreover, users were able to obtain information about their energy consumption 
via a visual 10-bar indicator (display indicates if energy is consumed or recovered). In addition, there 
was a portable navigation system, which showed the route and the remaining km the participants 
had to drive. Furthermore, a small video camera was installed, which recorded the gaze direction of 
the participants. 
To induce range stress participants were told that they were going on a 67.70 km accompanied 
round-trip (represented by mobility needs in Figure 1) while the BEV was not fully charged (see next 
paragraph). A map of the route was shown to the participants depicting a trip consisting of a short 
training track (1.6 km) and 3 sections (A to C). Part A (27.80 km) and Part B (17.60 km) were 
characterized by hilly country roads and small villages. Part C (20.70 km) included a German 
Autobahn, which participants were informed would lead to the highest consumption levels 
compared to the other sections of the round-trip. Actually, participants only drove through section A, 
were than debriefed and afterwards took the shortest way back. Section A was designed to lead to a 
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particularly high consumption level, being mostly uphill (driving uphill is positive correlated with a 
high consumption, participants started at 298 m above sea level and drove up to 505 m above sea 
level at the end of pat A).  
Participants were told at the beginning that the BEV was not fully charged because of unexpected 
technical problems. The state of charge (representing mobility resources in Figure 1) that all 
participants started with was on average 50% for the experienced drivers (SDexp = 3.09), 
corresponding to an average range of 85 km (SDexp = 5.27) and 49 % for the inexperienced drivers 
(SDinexp = 3.06), corresponding to an average range of 84 km (SDinexp = 6.23). The starting 
configuration was designed to lead to a critical range situation during the test drive for all 
participants, where the remaining range was insufficient for the trip length.  
All participants drove the roundtrip under comparable conditions (represented by environmental 
factors in Figure 1): Average ambient temperatures were Mexp = 20.83°C; SDexp = 3.66  and Minexp = 
17.25°C; SDinexp = 4.46; battery temperature at the beginning of the trip was Mexp = 20.55 °C; SDexp = 
7.10 and Minexp = 20.08 °C; SDinexp = 5.42; there was low traffic on the route (rated ten times by the 
experimenter on a 7-point ordinal scale ranging from 0 – no other car on the route to 6 – traffic 
jam/stop and go (Mdnexp = 1.24, IQRexp = 0.56 and Mdn inexp = 1.42, IQR inexp = 0.57). All participants 
drove with the same configuration of auxiliary consumers (same air conditioning system setting, 
radio off, low beam on) and the same experimenter accompanied every trip.  
The navigation system, which permanently displayed total km driven and km left, as well as the 
digital remaining range display enabled the perception of relevant variables (e.g., average available 
range buffer; see Figure 1). 
After the introduction of the participants to the BEV (e.g., information on range and regenerative 
braking, video of a BEV user), there were two periods of data collection: 1) while driving range stress 
and range situation variables were assessed at 10 data collection points at fixed locations within 
section A, and 2) after driving (after completing section A and before participants were debriefed), 
range stress was assessed retrospectively for section A. 
2.3 Scales and measures to assess levels of range stress 
All questionnaire items used a 6-point Likert scale from (1) completely disagree to (6) completely 
agree, unless otherwise stated. The measures used in the present study are described below in the 
order of their appearance in Figure 1. 
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2.3.1 Range appraisal 
Range Appraisal consists of two facets: primary and secondary appraisal (see middle section of Figure 
1). The 16-item PASA questionnaire (Gaab, 2009) was used after driving to assess facets of stress 
appraisal with reference to Lazarus’ transactional model of stress (Lazarus & Folkman, 1984). The 
instruction framed the items around the experienced range situation after finishing section A of the 
test drive.  
In the PASA, primary appraisal is assessed with the subscales threat and challenge, secondary 
appraisal is assessed in terms of control expectancies and self-confidence in one’s abilities. 
Cronbach’s Alpha ranged from .50 to .92 for the four subscales. A mean score was computed for 
each.  
2.3.2 Range stress 
Range stress was assessed on the cognitive and emotional level as well as the behavioral level (see 
right section of Figure 1). 
Cognitive and emotional level. Two items were asked ten times while driving at pre-defined locations, 
with the distance between two measurements ranging from 2.17 km to 4.11 km. The items dealt 
with actual concerns about range (“Do you have concerns regarding the remaining range?”) and the 
degree of stress experienced as a result of the range display, and thereby, the remaining range 
(“How stressed did you feel by the changes in the range display on the last part of the trip?”). Items 
were read aloud by the experimenter and participants indicated their response on an 11-point Likert 
scale ranging from 0 (not at all) to 10 (very strong) while driving. The mean score over all 10 data 
collection points was calculated for both items. The Cronbach’s Alpha of the two items was .69 and a 
mean score was calculated. Furthermore participants were also asked for other aspects regarding 
electric driving (e.g., noiselessness, regenerative breaking) to draw their attention not too much to 
the range issue. 
After driving, participants evaluated their range experience retrospectively by answering four further 
items ("While driving, I was often worried about range.”; “With the MINI E I was stressed by range”, 
“With the MINI E I was concerned about reaching the destination”, “While driving the MINI E, the 
topic of range frequently bothered me”). The Cronbach’s Alpha of the four items was .77 and a mean 
score was calculated. 
Behavioral level. As a behavioral indicator for stress, glances towards the range display while driving 
were coded based on video data. Range was displayed behind the steering wheel. No other 
information was displayed at this location (e.g., speed was displayed in the middle of the vehicle’s 
dashboard). The camera was mounted just above the steering wheel. The camera picture was 
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divided into two quadrants: (1) the area above the horizontal centerline (i.e., glances towards the 
street) and (2) the area underneath the horizontal centerline (i.e., glances towards the remaining 
range display). 
The video material was coded by two independent raters. They counted participants’ glances 
towards the range display (i.e., glances underneath the horizontal centerline that were not far to the 
left or right) for each of the 9 intervals between the 10 data collection points. Two short fixations of 
the area of interest interrupted by a fixation of another area (e.g., area above the horizontal 
centerline) were counted as two glances.  
Both raters showed high agreement with a correlation of r = .97 for total counted glances per 
participant. Hence, we averaged the ratings of the two raters. The number of glances for each 
interval was divided by the individual time the participant needed to complete this route segment 
(hence range display glances per minute). Four participants (2 experienced drivers, 2 inexperienced 
drivers) had missing values due to technical problems, hence N = 20. The mean score over all 10 data 
collection points was calculated.  
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3 RESULTS 
Hypotheses were tested using one-tailed t-tests (directional hypotheses) with an alpha of .05. 
Assumptions for t-tests were satisfactorily met. Cohens’s d was calculated as a measure of effect size. 
All results are displayed in Table 2. 
Table 2: Results pertaining to range appraisal and range stress matched to the hypotheses. 
  group N M SD t df p d 
H1 
PASA  
threat 
exp 12 1.19 0.30 
3.05 15.06 .004 1.24 
inexp 12 1.85 0.69 
 
    .     
H2 
PASA 
challenge 
exp 12 3.75 1.15 
-0.141 22 .445 0.00 
inexp 12 3.69 1.01 
 
         
H3 
PASA 
self-confidence in 
one’s abilities 
exp 12 5.27 0.71 
-3.59 22 .001 1.45 
inexp 12 4.40 0.46 
 
         
H4 
PASA 
control 
expectancies 
exp 12 5.15 0.66 
-2.19 17.27 .022 0.90 
inexp 12 4.29 1.18 
          
H5 
range stress  
while driving 
(whole trip) 
exp 12 3.53 2.59 
2.01 17.85 .030 0.82 
inexp 12 5.27 1.53 
range stress  
while driving 
(first 4 data points)  
exp 12 3.56 2.73 
1.78 17.66 .046 0.73 
inexp 12 5.18 1.59 
range stress  
after driving 
exp 12 3.25 1.34 
2.25 22 .018 0.91 
inexp 12 4.35 1.05 
 
         
H6 
glances per minute 
(whole trip) 
exp 10 3.21 1.12 
2.74 18 .007 1.23 
inexp 10 4.80 1.45 
glances per minute 
(first 4 data points)  
exp 10 3.50 1.35 
2.63 18 .009 1.18 
inexp 10 5.43 1.88 
Note. t-tests are one-tailed. Df with decimal places indicate that Levene-test for equal variances 
was significant and correction was applied. 
3.1 Range appraisal 
In support of H1, experienced drivers interpreted the situation as less threatening than 
inexperienced drivers, revealing a strong and significant effect. Yet, results did not support H2, as 
there were no differences between the two groups regarding the PASA subscale challenge. 
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In support of H3, experienced drivers had a higher self-confidence in one’s abilities than 
inexperienced drivers, revealing a strong and significant effect. Finally, in support of H4, experienced 
drivers had higher control expectancies than inexperienced drivers, revealing a strong and significant 
effect.  
When completing the PASA, users thought they had to drive an additional 38.30 km section (section 
B + C), including one part on the German Autobahn, which they were informed would require the 
highest consumption, while having an average remaining range of M = 33.12 km, SD = 6.48 km. 
However, for experienced drivers, this range was M = 36.08 km (SD = 6.24) and for inexperienced 
drivers it was M = 30.17 km (SD = 5.44; significant difference, t(22) = -2.48, p = .022). Hence, 
experienced drivers had a higher available range buffer after driving, probably due to their more 
efficient eco-driving performance during the test drive. Yet, for both groups the range buffer was 
negative meaning that both were exposed to a critical range situation. Consequently, we assume that 
the range situation assessed after driving is still sufficiently comparable for experienced and 
inexperienced drivers, although it is possible that the observed effect might have been smaller if the 
groups had identical available range buffers after driving.  
3.2 Range stress 
Cognitive and emotional level. In support of H5, experienced drivers had less range stress on the 
cognitive and emotional level than inexperienced drivers, revealing a strong and significant effect. As 
mentioned above in section 3.1, there was a significant difference between both groups regarding 
the average remaining range after driving. Therefore, we examined the results for the ten different 
range measurements during the test drive, which revealed that the difference regarding the average 
remaining range became significant at the fifth range stress measurement (after 12 km of driving). 
Hence, we calculated the range stress values again for only the first four data points of the trip, 
where the difference regarding the average remaining range was not yet significant. As Table 2 
shows also for this first part of the test drive, experienced drivers had less range stress than 
inexperienced drivers, revealing a medium and significant effect. Most importantly, the difference 
between effect sizes calculated using only the first four versus all ten data points was not substantial 
(see Table 2). This gives support to our conclusion that even after driving, the range situation was 
sufficiently comparable for both groups (i.e., both were confronted with a critical range situation). 
Finally, in additional support of H5, the self-evaluation of range stress after driving revealed that 
experienced drivers reported significantly lower values (i.e., strong effect), and therefore, exhibited 
lower range stress than inexperienced drivers. Consistent with the argument presented in section 
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3.1, we assume that the estimated range situation after driving is still sufficiently comparable across 
groups. 
Behavioral level. In support of H6, experienced drivers looked less often at the range display than 
inexperienced drivers, revealing a strong and significant effect. Due to the significant difference 
between both groups regarding the average remaining range after driving, we also analyzed the data 
from only the first four data points (same as above in section cognitive and emotional level). Table 2 
shows that when considering only the first part of the test drive, experienced drivers also looked less 
often at the range display than inexperienced drivers, revealing a strong and significant effect. 
4 DISCUSSION 
The present study was conducted to better understand the phenomenon of range anxiety and to 
investigate the degree to which practical driving experience predicts the reduction of different levels 
of range anxiety. As expected, results indicated that experienced BEV drivers had substantially less 
negative range appraisal (with the exception of challenge appraisal) and lower range stress than 
inexperienced BEV drivers. Hence, as indicated in our conceptual model, experience seems to have 
an effect on range anxiety at the cognitive, emotional, and behavioral level. 
4.1 Implications 
With respect to methodological implications, the present study demonstrated that it is possible to 
construct situations in field-experimental settings that allow for the examination of range anxiety 
(i.e., induce range stress), given that range anxiety appears to occur relatively infrequently in 
everyday BEV use. As indicated by analysis of verbal protocols, it seemed that all participants 
believed our cover story for the trip length and available range. From our perspective, it is important 
to include both range-related facets (i.e., greater communicated trip distance and communication of 
unexpectedly lower range) to yield this effect. Overall, we conclude that the current experimental 
design is suitable to create a critical range situation and can be effectively applied to further study 
range appraisal and range stress. 
Furthermore, our results suggest that practical BEV experience might be one possible way to reduce 
range anxiety in BEV users. Previous research indicates that most range adaptation seems to occur 
within the first three months of BEV use (Pichelmann, et al., 2013). Furthermore, there is some 
evidence suggesting that users obtain different levels of learning success within this time period, due 
to different variables such as the active exploration of critical range situations (Franke et al., 2012a), 
daily range practice (Franke et al., 2012b; Franke & Krems, 2013a), domain specific knowledge 
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(Franke & Krems, 2013a), and subjective range competence (Franke et al., 2012b; Franke & Krems, 
2013a). Therefore teaching users relevant knowledge and skills (e.g., knowledge about factors 
influencing range, strategies for saving energy while driving, range competence) could be one fruitful 
approach to reduce the experience of range anxiety, but further empirical studies have yet to 
investigate these assumptions. Accordingly, we suggest facilitation of the learning process by 
motivating the driver to intensively explore (and understand) the range of the BEV. This could be 
accomplished, for example, with the help of advanced driver assistant systems that incorporate 
concepts from the field of gamification. This might help to shorten the learning processes, thereby 
reducing range anxiety. However, given the strong effect sizes observed here (experience of M = 
89.40 months) compared to the moderate effect sizes found regarding the effect of experience over 
the first three months in terms of comfortable range (Franke et al., 2012a) and range preferences 
(Franke & Krems, 2013b), it seems that additional, meaningful learning occurs after the first months. 
Hence, strategies aimed at decreasing range anxiety should ideally be designed to be in effect for 
longer than just the first three months. 
Finally, our results demonstrate that experienced BEV drivers are as challenged as inexperienced 
drivers by the critical range situation, but not as stressed by it. Hence, experience does not seem to 
have an effect on challenge appraisals in a critical range situation. However, Lazarus and Folkman 
(1984) stated that challenge appraisal is correlated with more positive emotions compared to threat. 
Moreover, studies indicate that challenge appraisals can be seen as a more positive outcome of 
situation evaluation, as it is linked to more confident coping expectancies and more positive 
emotions (Skinner & Brewer, 2002).  
4.2 Study limitations and further research 
The sample size of the present study was relatively small, because presently it is still difficult to find 
BEV drivers with the amount of practical experience we required. Yet, despite this small sample size, 
significant effects and strong effect sizes resulted. We do not see reasons to assume that our results 
are biased in a certain direction by the small sample size in this study.   
Additionally, our experienced BEV drivers belong to a specific sample of early adopters of BEVs, who 
only represent one segment of all future BEV users. Hence, our sample of experienced drivers might 
be restricted on relevant personality variables, as early adoption is known to be associated with 
personality characteristics (Rogers, 2003). For the research question of the present study, this was 
less of a concern because both study groups were matched on control beliefs (KUT values). However, 
this resulted in high KUT values in our sample. Therefore, it is possible that the present study 
underestimated the level of stress that would typically be appraised in the given situation. 
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Furthermore, in contrast to scores on stress measurement items, the values of the threat subscale of 
the PASA questionnaire were quite low, which indicates that participants were stressed by the 
situation, but not very threatened by it. Perhaps, this finding is due to the experimental setting. 
Participants might have been less anxious about negative consequences if the BEV were to run out of 
energy, because of the presence of the experimenter and the fact that the university had the 
ultimately responsibility. For the present study we weighted the advantages of having the 
experimenter present (e.g., participants were asked relevant items at the correct location during the 
trip, there were no critical situations like overtaking maneuvers at the moment of questioning) 
higher than the potential disadvantages (e.g., underestimating the stress level of participants as 
social support is known to decrease stress, Cohen & Wills, 1985). It is possible that threat appraisal 
would be higher on an everyday, unaccompanied trip and that the present study underestimates the 
threat and potentially the level of stress. Therefore we suggest to change from an accompanied trip 
to a test drive without a co-driver (i.e., the experimenter) as one potential way to further improve 
our experimental design.  
Another possible improvement would be to investigate glance behavior in more detail (e.g., with an 
eye tracker) to, for example, better distinguish glances towards different displays, which are more or 
less relevant to assess range situation (e.g., share of glances to range-related displays relative to all 
glances to displays as a more specific behavioral indicator of range stress). 
In addition one should always keep in mind that practical BEV driving experience is just one variable 
(besides others, e.g., personality traits, environmental factors) that have an influence on range 
anxiety. Further investigations are needed to examine which additional variables play a major role in 
explaining the variance in range anxiety and how they are linked with practical BEV driving 
experience.  
Moreover, practical driving experience should be examined in more detail in further research (i.e., 
not only absolute km driven but also amount of experienced critical range situations or how 
participants coped with such situations and if it was successful).  
In addition we suggest to further investigate the outcomes of the learning process (e.g., coping 
resources), which mediate the influence of BEV driving experience on range anxiety. Therefore, 
analyses of potential mechanisms are necessary to find out which variables mediate the relationship 
between practical experience and lower range stress appraisal (e.g., knowledge about influencing 
factors on range, strategies for saving energy while driving, subjective range competence). 
Further research is also needed to investigate and advance our conceptual model in more depth and 
also incorporating related research and theorizing (e.g., Luettringhaus and Nilsson, 2012). For 
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instance with regard to specific facets of experience, influence of specific trait variables and coping 
resources or internal states of the driver as influencing factors on range anxiety. 
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6 KEY POINTS 
- the present study showed that it is possible to construct situations in field-experimental 
settings that allow for the study of RA 
- experienced BEV drivers had (relative to inexperienced BEV drivers) less negative range 
appraisal (except for challenge appraisal) and lower range stress in a critical range 
situation, revealing strong and significant effects 
- our results suggest that it might be possible to influence RA, but further investigation is 
needed to find out if it is possible to reduce RA in the initial stages of BEV use 
- the proposed conceptual model seems to be suitable for improving understanding of the 
RA phenomenon, but requires further detailed investigation  
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A frequently discussed phenomenon in the context of limited range as a usage barrier for
battery electric vehicles (BEVs) is range anxiety (i.e., range stress). The objective of the pre-
sent research was (1) to examine if the effect of first-time experience of a critical range sit-
uation on inexperienced BEV drivers’ range experience (e.g., range stress) is rather positive
or negative, (2) to examine if providing minimal coping information can enhance this effect
and (3) if a positive adaptation effect can be found under different criticality levels regard-
ing the available range. A field experiment was conducted, in which 74 participants drove a
BEV in a critical range situation (i.e., experience of a small range safety buffer) on an unac-
companied 94 km round trip. Results indicate that the first-time experience of a critical
range situation has a moderate positive effect on range stress (i.e., reduced range stress
after the trip compared to range stress before the trip), that coping information can partly
enhance range experience and that these positive effects can be found under both exam-
ined criticality levels (critical vs. highly critical range situation). The results can be useful
to inform strategies aimed at reducing the experience of range stress in the early period of
BEV usage.
 2016 Elsevier Ltd. All rights reserved.1. Introduction
In recent years battery electric vehicles (BEVs) have become more and more relevant in the field of sustainable transport.
However, there are still important barriers for the widespread adoption of BEVs. One of the most important barriers is the
limited range of BEVs (Bühler, Cocron, Neumann, Franke, & Krems, 2014; Egbue & Long, 2012; Graham-Rowe et al., 2012;
Jabeen, Olaru, Smith, Braunl, & Speidel, 2012; Ziegler, 2012). An often discussed phenomenon in this regard is range anxiety,
which is often described as the fear of running out of energy (Birrell, McGordon, & Jennings, 2014; Luettringhaus & Nilsson,
2012; Nilsson, 2014). However, the phenomenon of range anxiety has no consistent psychological definition, but is rather
used with different meanings ranging from anticipated discomfort to actually experienced fear. In our previous research
we suggested the term range stress as suitable to describe the most typical facet of range anxiety which is drivers’ experience
while driving in critical range situations (i.e., situations in which the available driving range is marginally sufficient to com-
plete the intended trip). According to the stress theory of Lazarus and Folkman (1984), which describes stress as a result of
the perceived imbalance between the individuals coping resources and the environmental demands, we define range stress371 531
N. Rauh et al. / Transportation Research Part F 44 (2017) 30–41 31as a stressful experience of a present range situation, where the range resources and personal resources available to effec-
tively manage the situation (e.g., increase available range) are perceived to be insufficient (Rauh, Franke, & Krems, 2015). We
extended the adaptive control of range resources (ACOR) model (Franke & Krems, 2013a), which integrates assumptions
from various control models (Fuller, 2005; Hancock & Warm, 1989; Lazarus & Folkman, 1984; Summala, 2007) to describe
the occurrence of range stress in a critical range situation (Rauh et al., 2015). This model states that drivers have a preferred
range safety buffer. The range safety buffer results from the proportion of the available driving range and the remaining trip
distance. When there is a perceived imbalance between this preferred buffer and the actually available range buffer (i.e.,
comparable with the concept of safety margins in the model of Summala, 2007), range stress can result (for structural similar
conception see also Hancock & Warm, 1989).
Range anxiety has been found to be negatively related to range satisfaction (Franke & Krems, 2013c; Lieven, Mühlmeier,
Henkel, & Waller, 2011), the likelihood of buying a BEV (Carley, Krause, Lane, & Graham, 2013; Franke & Krems, 2013b;
Hidrue, Parsons, Kempton, & Gardner, 2011), and the efficient usage of BEV range resources (Carroll, 2010). Therefore it
seems necessary to find ways to reduce range stress for further increasing the acceptance and efficient use of BEVs as well
as for improving users’ range experience in critical range situations (i.e., where the available range safety buffer is small).
Research indicates that practical driving experience with BEVs (conceptualized as driven kmwith a BEV) can reduce range
stress while driving in a critical range situation and therefore enhances range experience (Rauh et al., 2015). This effect can
be conceptualized to be the result of a learning process in terms of drivers’ conscious or unconscious change in their driving
behavior and in their experiences and perceptions while driving, which leads to a better adaptation to the limited range of
BEVs (i.e., a better adaptation effect). The major share of the adaptation process seems to occur within the first weeks of BEV
usage (Franke, Günther, Trantow, Rauh, & Krems, 2015; Pichelmann, Franke, & Krems, 2013), but meaningful learning also
occurs after the first months of BEV usage (Rauh et al., 2015). This adaptation period appears quite long and therefore can
constitute a purchase barrier implying that potential customers would need considerable practical experience until they feel
perfectly comfortable with the limited range. Additionally, inexperienced users’ tend to prefer BEV ranges which are mark-
edly above their actual everyday range needs (e.g., Bunzeck, Feenstra, & Paukovic, 2011; Giffi et al., 2011). However, more
range (i.e., larger batteries) can have a negative impact on BEVs’ achievable sustainability effect because of their ecological
footprint; (McManus, 2012; Yuan, Li, Gou, & Dong, 2015). Research could show that practical driving experience could have a
positive effect on drivers’ range preferences (e.g., reduced range preferences after a three-month adaptation process, Franke
& Krems, 2013b). Therefore, it is important to take the influence of experience on the adaptation process into account at an
early stage of BEV usage.
It has been pointed out that active exploration of critical range situations is an important variable for an effective adap-
tation to range and, therefore, for enhancing range experience in critical range situations (e.g., Franke, Cocron, Bühler,
Neumann, & Krems, 2012), because specific critical incidents are important triggers to stimulate learning (Burgoyne &
Hodgson, 1983). In a similar fashion, it has been suggested to encourage BEV users to move outside of their comfort zone
(i.e., experience critical range situations) in a mostly protected environment (i.e., in the context of an accompanied or an
instructed test drive) to encourage an effective adaptation (Burgess et al., 2013). Somewhat similar notions have also been
discussed in the education literature (Brown, 2008), where the comfort zone metaphor has been used to describe the learn-
ing process (e.g., learners can expand the limits of their comfort zone by moving outside of this zone).
Therefore, one strategy to help inexperienced BEV drivers to better adapt to the limited range of BEVs could be the expe-
rience of a critical range situation in a mostly protected environment. Such an active exploration of critical range situations
could have a positive effect on range experience (see e.g., Franke, Neumann, Bühler, Cocron, & Krems, 2012; Franke, Rauh,
Günther, Trantow, & Krems, 2015). However, there is also a risk that such a strategy could lead to a negative effect on range
experience. Because confronting (almost) inexperienced drivers with a critical range situation and the risk of not reaching
the destination could induce uncertainty regarding range, negatively influence perception of limited range, and lead to a
reduced confidence in being able to control and predict range, which finally could induce a tendency towards more precau-
tion regarding interaction with limited range.
One strategy that should surely enhance range experience in such a critical range situation is teaching users relevant
domain-specific knowledge regarding range (e.g., knowledge about factors that influence range, strategies for saving energy
while driving) and, therefore, help them to better understand range dynamics while driving (Franke & Krems, 2013c; Franke,
Cocron, et al., 2012; Franke, Neumann, et al., 2012; Lundström & Bogdan, 2012). This strategy should also lead to a more
positive effect of first-time experience of a critical range situation on range experience (i.e., more positive adaptation effect).
However, a long-lasting and complex intervention might be difficult to implement in a real-life setting. It would be more
practicable if only little information would be sufficient. Therefore, we focus on the effect of minimal coping information
in the present research.
Finally, until now there is no suggestion in the literature how critical the range situation should be to induce active explo-
ration and, therefore, receive the best adaptation effect. Therefore, the question arises, if there are differences regarding the
adaptation effect under different criticality levels of the range situation (e.g. critical range situation vs. highly critical range
situation). To investigate this question, various settings are necessary which differ in the criticality of the range situation,
hence differ in the available range safety buffer (e.g., small buffer vs. negative buffer). One possible setting includes a remain-
ing range which is hardly sufficient to complete the trip (i.e., displayed range is not much above the remaining trip length),
resulting in a critical range situation with a small range safety buffer. However, it must be ensured that drivers do not run out
of energy and are able to reach the destination. Therefore, the criticality of such a situation cannot be chosen freely (i.e., there
32 N. Rauh et al. / Transportation Research Part F 44 (2017) 30–41is a relatively low upper limit of realizable range criticality. To realize higher levels of criticality and therefore create a setting
where remaining range seems clearly insufficient to complete the trip (i.e., displayed range is smaller than the remaining trip
length), resulting in a highly critical range situation with a negative range safety buffer, a cover story or concealed possibil-
ities to shorten the trip are needed (see e.g., method used in Rauh et al., 2015).
The objective of the present research was. . .
(1) . . . to examine if the effect of first-time experience of a critical range situation in a mostly protected environment on
inexperienced BEV drivers’ range experience is rather positive or negative (i.e., if the adaption effect is positive or
negative).
(2) . . . to examine if providing minimal coping information can support a more positive range experience immediately in
the critical range situation and lead to a more successful adaptation effect.
(3) . . . to examine whether the (positive) adaptation effect can be found under different criticality levels.
1.1. Relevant range experience indicators
Driving in a critical range situation (i.e., when the range safety buffer is small) is a potentially stressful situation. How
stressful a person experiences a specific situation is based on individual appraisal of the situation (Lazarus, 1995). Subjective
assessment of personal resources (e.g., subjective range competence and understanding of range dynamics, first relevant
indicator) has an influence on the appraisal of a given range situation (range appraisal, second relevant indicator). When
there is a perceived discrepancy between available and preferred resources, range stress (third relevant indicator) will result.
Hence, to examine range experience in critical range situations we focused on these three relevant indicators: subjective
range competence and understanding of range dynamics, range appraisal and range stress. We examined these variables (1)
while participants were driving in a critical range situation (labeled while_drive) as well as (2) the pre-post-difference scores
(labeled prepost_diff) between the measurement before the test drive (labeled pre_drive) and the measurement after the test
drive (labeled post_drive).
1.1.1. Subjective range competence and understanding of range dynamics
The first relevant indicator for range experience in a critical range situation is subjective range competence and under-
standing of range dynamics. Subjective range competence (labeled range_comp) can be conceptualized as confidence in ones’
skills to control range-influencing factors as well as predicting remaining range under different conditions (Franke & Krems,
2013c). Users’ understanding of range dynamics can be conceptualized as users’ confidence in their range estimation skills
under different conditions (labeled estim_conf; Franke & Krems, 2013a).
1.1.2. Range appraisal
The second relevant indicator for range experience in a critical range situation is range appraisal. Experience of a poten-
tially stressful situation (e.g., a critical range situation) is influenced by two different appraisals (Lazarus, 1995). Primary
Appraisal (labeled Prim_App) includes interpretation of the situation as a challenge (because of the possibility to overcome
the situation) and/or threat (because of the anticipated loss of mobility and time). Secondary Appraisal (labeled Sec_App)
includes interpretation of the situation with respect to confidence in one’s abilities and control expectancies (i.e., valuation
of coping resources).
1.1.3. Range stress
The third relevant indicator of range experience in a critical range situation is range stress. Range stress is a product of
primary appraisal and secondary appraisal. It can result when coping resources are judged to be insufficient (low secondary
appraisal) and the situation will be interpreted as a threat (high primary appraisal). Otherwise, if users perceive their coping
resources as sufficient (high secondary appraisal) the situation will be appraised as more challenging than threatening (low
primary appraisal), thereby resulting in reduced stress.
1.2. Present research
The objective of the present research was to examine...
(Q1) ... if the effect of first-time experience of a critical range situation in a mostly protected environment on inexperi-
enced BEV drivers’ range experience is rather positive or negative (i.e., if the adaption effect is positive or negative).
Here, the non-directional hypotheses were: First-time experience of a critical range situation in a mostly protected envi-
ronment has an effect on...
(Q1H1): . . . drivers’ subjective range competence and understanding of range dynamics.
(Q1H2): . . . primary appraisal and secondary appraisal.
(Q1H3): . . . range stress.
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diately in the critical range situation (while_drive) and lead to a more successful adaption effect (prepost_diff).
Here, the directional hypotheses were: Providing minimal coping information leads to a positive effect on...
(Q2H1) ... drivers’ subjective range competence and understanding of range dynamics (i.e., increased drivers’ subjective
range competence and understanding of range dynamics) during the test drive and for the pre-post-difference scores.
(Q2H2) ... primary appraisal and secondary appraisal (i.e., reduced primary appraisal, increased secondary appraisal) dur-
ing the test drive and for the pre-post-difference scores.
(Q2H3) ... range stress (i.e., reduced range stress) during the test drive and for the pre-post-difference scores.
(Q3) ... if the positive adaptation effect can be found under different criticality levels. This is an explorative analysis.
Hence, no hypotheses are formulated.
2. Method
2.1. Field experiment setting
Regarding the methodology of the study see also Franke, Rauh, and Krems (2016). We instructed our participants to drive
a roundtrip with a BEV, on which they were going to experience a critical range situation (i.e., range buffer is small) due to
BEV range in relation to trip length. They were briefed that the aim of the study was to examine user experience in a critical
range situation. The briefing was standardized by using a script that specified which information the experimenter had to
give to the participants regarding the purpose of the study (‘‘We want to know how you will deal with the limited range
of an electric vehicle. Hence, we are interested in the user experience in situations with a limited available driving range.”)
The experimenter also explained what will happen if the vehicle runs out of energy and that this situation, although possible,
has to be avoided. To ensure that the participants had understood the seriousness of the situation they had to sign an agree-
ment that they will accept responsibility for completing the trip successfully or to call the experimenter if this is not possible.
Hence, we assume that this was mostly comparable to a situation with limited driving range in relation to trip length when
driving a BEV in everyday usage.
The BEV used in this study was a BMW ActiveE with a maximum available driving range between 130 and 160 km,
depending on driving style (Ramsbrock, Vilimek, & Weber, 2013). However, the present study took place in February and
March with an average ambient temperature around 0 C (M = 0.55 C; Min = 5.00; Max = 4.00; SD = 2.10) and battery
temperatures around 16 C (M = 15.95 C; Min = 8.00; Max = 18.00; SD = 2.00) at the beginning of the test drive. Therefore
the available driving range at the beginning of the trip when the battery was nearly fully charged (M = 97%; Min = 89;
Max = 100; SD = 2.55) was on average 114 km (M = 113.93 km.Min = 97.00;Max = 137.00; SD = 7.70). All information regard-
ing ambient temperature, battery temperature, state of charge and available driving range were read out from the vehicle
displays.
The BEV had regenerative braking to recover energy during deceleration and an ECO PRO mode that could be selected by
pressing a button to automatically adjust the drive configuration and comfort functions to achieve a higher range. Range
information was displayed via a digital remaining range display in km (range estimation based on charge level and energy
consumption over the last 30 km, as stated in the user manual) placed behind the steering wheel. There was an onboard nav-
igation system, which displayed the route and the remaining km participants had to drive on the information display, which
was located in the middle of the dashboard. Additional information like current energy consumption could also be obtained
via this information display.
The study lasted 3 weeks in February/March and took part seven days a week (i.e., from Monday to Sunday) with two
starting times each day: one in the morning (study started 6.30 a.m. and ended 10.30 a.m.; driving time started between
7.00 a.m. and 7.45 a.m.) and one in the evening (study started 6.00 p.m. and ended 10.00 p.m.; driving time started between
6.30 p.m. and 7.15 p.m.). The starting times were chosen so that there was enough time between the trip in the morning and
the trip in the evening to fully recharge the vehicle. We had two identical vehicles available and, therefore, two participants
took part in the study at each starting time.
In the present study two independent variables were manipulated with two levels each, resulting in a 2  2 between par-
ticipants design. The two independent variables were: (IV1) the coping information (labeled CopeInfo) which participants
received and (IV2) the available range safety buffer (labeled RangeBuff) which participants experienced while driving (i.e.,
different criticality levels of the range situation). The manipulation of independent variables resulted in four different exper-
imental conditions (see Table 1).
Before starting the trip all participants received a short briefing to the route (a map of the route was shown) and to the
BEV including technical parameters, relevant displays (digital remaining range display, onboard navigation system, and
Table 1
The four examined groups resulting from the two independent variables, and respective N.
Received coping information (CopeInfo)
Minimal coping information
(CopeInfoYes)
No coping information
(CopeInfoNo)
Available range safety buffer
(RangeBuff)
Critical range situation (CritBuff) N = 20 N = 20
Highly critical range situation
(HighCritBuff)
N = 17 N = 17
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ing trip. After filling in a questionnaire (pre_drive), participants went on a 94.3 km unaccompanied roundtrip. The whole trip
consisted of 4 sections (A to D). Section A (labeled Sec_A, 13.4 km) consisted of a part within an urban area (speed limit
50 km/h) followed by a part with hilly country roads (speed limit between 70 and 100 km/h) and parts in small villages
(speed limit again 50 km/h). Section B (labeled Sec_B, 22.8 km) and Section C (labeled Sec_C, 24.9 km) also included hilly
country roads (speed limit between 70 and 100 km/h) and small villages (speed limit 50 km/h). Section D (labeled Sec_D,
33.2 km) consisted of a German Autobahn (17.0 km; speed limit 120 km/h or no speed limits) and a part within an urban
area (speed limit 50 km/h). The route was designed to lead to a critical range situation during the test drive (range buffer
is small, i.e. displayed range is not much above the remaining trip length). Section_A and section_B were mostly uphill (start
298 m above sea level, end of Sec_B 600 m over sea level). Driving uphill is positive correlated with a relatively high con-
sumption, which resulted in a faster decrease of remaining range than remaining trip length (range buffer decreased while
driving). After section B participants rather drove downhill (at the end of section B 600 m above sea level, destination 298 m
over sea level) and therefore the consumption was lower and benefited from regenerative braking, which resulted in a
slower decrease of available range safety buffer while driving. Moreover, while the ‘‘distance to home” increased on section
A and section B, it started to decrease after section B (i.e., on the homebound part of the trip). Therefore, the trip was most
critical on the first two sections (section A and B) and the criticality of the situation decreased after section B.
Participants started the test drive with an average available range of 114 km, resulting in a range safety buffer of
M = 20 km (M = 19.63; Min = 2.70; Max = 42.70; SD = 7.70). The range safety buffer was calculated by subtracting the dis-
played remaining trip length in km from the displayed available driving range in km. At the end of section A the average
range safety buffer was M = 7.44 (Min = 11.00; Max = 22.00; SD = 6.72), at the end of section B M = 7.89 (Min = 7.00;
Max = 21.00; SD = 6.34). The minimum value of the available range safety buffer participants experienced was
M = 0.89 km (Min = 27.00 km; Max = 18.00 km; SD = 10.24) indicating that participants experienced a critical range situ-
ation (i.e., range buffer is small). After section B the available range safety buffer increases due to the route profile and
resulted in M = 12.68 (Min = 4.00; Max = 31.00; SD = 7.80) after section C. On average participants finished the test drive
with 17% SOC (state of charge; M = 16.50%. Min = 2.00; Max = 37.00; SD = 7.63), corresponding to 18 km remaining range
(M = 17.78 km. Min = 1.00; Max = 49.00; SD = 9.51). Participants had to stop after each of sections A, B and C on a predefined
location (while_drive) and had to call the experimenter (the telephone call was standardized by using a script that specified
which information the experimenter had to give to the participants). After the trip they filled in another questionnaire
(post_drive).
To manipulate (IV1) coping information, two groups (labeled CopeInfoYes) received standardized verbal information (a)
regarding strategies to save energy while driving (e.g., influence of velocity, effective use of regenerative braking, explanation
of the ‘‘taking shortest way home” function of the navigation system) at the beginning of the test drive and (b) explanation of
the ECO PRO mode after completion of section A as well as additional information regarding strategies to save energy while
driving at each predefined location when calling the experimenter. The other groups (labeled CopeInfoNo) received just min-
imal information necessary to drive safely with the BEV at the beginning of the test drive. At the last predefined location
where participants had to stop (end of section C) they received full information on strategies to save energy while driving
(including explanation of the ECO PRO mode and the possibility to shorten up the test drive) to ensure that all participants
reach the destination and finish the test drive successfully.
To manipulate (IV2) the available range safety buffer, a cover story was used for two groups (labeled HighCritBuff). Par-
ticipants of these groups were told that they had to drive 110.3 km (section D extended to 49.2 km instead of 33.2 km; longer
route was shown on the map before starting the drive and was displayed on navigation system) which was 16 km longer
than the presented route of the other group (labeled CritBuff). Therefore the minimum experienced range buffer (i.e., min-
imum value from starting point to end of section B; value assessed after each section) for groups which received a cover story
(HighCritBuff) was on average M = 9.35 (Min = 27.00; Max = 5.00; SD = 7.23) and for the groups which received no cover
story (CritBuff) on averageM = 6.30 (Min = 6.00;Max = 18.00; SD = 6.06). At the last predefined location where participants
had to stop (end of section C), the groups which received a cover story were debriefed and drove the same way back as the
other groups. We used the cover story according to previous research (Rauh et al., 2015). In parallel to other research (e.g.,
Jung, Sirkin, Gür, & Steinert, 2015) all participants were given a mobile phone with the number of the experimenter and were
instructed to park the vehicle safely and call the experimenter if there are any problems with the BEV or if they are feeling
too uncomfortable (e.g., due to range or weather conditions). By using this procedure we minimized the risk of a too stressful
or even fearful experience and tried to cause just minimal inconvenience to our participants.
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Participants were recruited via an online screening questionnaire. A link to the questionnaire was sent by e-mail to
employees and students of Technische Universität Chemnitz (TUC) and a short article about the study was posted on the
intranet news website of TUC. Due to insurance reasons only members of TUC (employees and students) could be recruited.
Participants did not get any compensation for their participation. Given this recruitment process it can be assumed that the
sample represents drivers who are particularly interested in electric vehicles (i.e., including potential customers). The 74 dri-
vers (54 male, 20 female) who completed the experiment were on average 31 years old (Min = 24;Max = 61; SD = 7.19), pos-
sessed a driver license since M = 13 years (Min = 7; Max = 34; SD = 6.05) and drove M = 1100 km (Min = 100; Max = 6000;
SD = 922) per month with a conventional car. Regarding BEV experience they had M = 17.70 km (Min = 0.00;
Max = 200.00; SD = 43.80) practical driving experience (61out of 74 participants had no or almost no prior BEV experience,
i.e. 610 km).”
Participants were randomized to the four groups. There were no significant differences between these groups in terms of
assessed control variables: sex, age, years of possessing a driver license, average driven km per month with a conventional
car, practical experiences with BEVs as well as technical system knowledge and control beliefs in dealing with technology
(for more information regarding the last two variables see Section 2.3.1). The weather conditions for each participant were
logged in a protocol. The different weather and road conditions had nearly the same distributions within the four groups.
Therefore, we expect no systematic effects on our results resulting from different weather or road conditions.
The four groups were parallelized regarding the starting times (i.e., the same distribution of the groups in the morning
and in the evening) to compensate for possible influences of the starting time (e.g., different traffic conditions) on the exam-
ined variables.
2.3. Scales and measures
There were three times of data collection: First, before driving (pre_drive) subjective range competence, range appraisal
and range stress in a hypothetical critical range situation as well as demographic and control variables were assessed via
questionnaires. Second, during the test drive (while_drive) subjective range competence (except of drivers’ understanding
of range dynamics), range appraisal and range stress for the current driving situation were assessed via telephone interview
and a short questionnaire after section A, section B and section C. Third, after driving (post_drive) subjective range compe-
tence, range appraisal and range stress in a hypothetical critical range situation were assessed via a questionnaire.
However, only the stress measures of section A and section B represent the central scores for the analysis because the
route was only particularly stress-inducing on the first two parts (section A + section B) as explained above (see Section 2.1).
Furthermore, this procedure is parallel to our previous study (Rauh et al., 2015), where we also just used the stress measures
from the first part of the test drive (‘‘driving away from the starting point”) for our analysis.
To test the reliability of our scales we calculated Cronbach’s alpha for each scale. We interpreted Cronbach’s alpha accord-
ing to common practice (see e.g. Westland, 2015) as poor (.5 6 a < .6), questionable (.6 6 a < .7), acceptable (.7 6 a < .8), good
(.8 6 a < .9), or excellent (P.9).
2.3.1. Technical system knowledge and control beliefs in dealing with technology as control variables
To assess the two variables, the following scales were used. First, to assess participants’ technical system knowledge they
rated their familiarity with three relevant aspects of BEV technology on a 6-point Likert scale: typical units of electrical engi-
neering, propulsion technology of electric vehicles, specific features of technical components (slightly adapted scale from
Franke & Krems, 2013a). The Cronbach’s Alpha of the three items was .77. Second, control beliefs in dealing with technology
were assessed with the KUT (Beier, 1999). The KUT was assessed as it has been shown to be a robust predictor of low sus-
ceptibility to range stress in previous research (Franke & Krems, 2013c; Franke, Cocron, et al., 2012; Franke, Neumann, et al.,
2012).
2.3.2. Subjective range competence and understanding of range dynamics
The 4-item subjective range competence scale from Franke and Krems (2013c; see also Rauh et al., 2015) was used (‘‘The
range of the ActiveE is mostly affected by factors over which I have no influence”, ‘‘The range I can reach with the ActiveE is
mostly dependent on factors that I can control”, ‘‘I know how far I can go on a full charge”, ‘‘I can precisely estimate the influ-
ence of different factors on the range of the ActiveE”). Participants answered on a 6-point Likert scale ranging from 1 (com-
pletely disagree) to 6 (completely agree). Reliability was just acceptable (see Table 2). A mean score was computed. However,
unfortunately there were problems with the questionnaires leading to the issue that subjective range competence was not
assessed during the test drive for several participants (in total 14 participants).
To assess drivers’ understanding of range dynamics users were confronted with the following scenario: A range of 100 km
was displayed after having driven the last 30 km (the reference distance for the range display in the BEV) at an average speed
of 60 km/h in light urban traffic at 10 C ambient temperature, interior heating set at 20 C, and low beam turned on. Users
estimated displayed range and reported a confidence rating (ranging from 0 – not sure at all to 10 – absolutely sure), given
that they had driven the last 30 km: (1) without regenerative braking, (2) on the motorway at 120 km/h, (3) without heating,
Table 2
Scale characteristics and descriptive statistics for subjective range competence and understanding of range dynamics.
Reliability Descriptive statistics
Cronbach’s alpha Test-retest rPre_drive Post_drive N M SD Min Max
range_comp pre_drive .66 .38 74 3.74 0.89 1.75 5.75
while_drive .66 60 3.97 0.75 2.25 5.75
post_drive .68 74 4.15 0.77 2.00 6.00
estim_conf pre_drive .95 .86 74 5.09 2.23 0.00 10.00
while_drive – – – – – –
post_drive .94 74 5.42 2.23 0.00 9.17
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was computed.
2.3.3. Range appraisal
Range Appraisal consists of two facets: primary appraisal and secondary appraisal. The 16-item PASA questionnaire
(Gaab, 2009) was used to assess facets of range appraisal with reference to Lazarus’ transactional model of stress (Lazarus
& Folkman, 1984). In the PASA, primary appraisal is assessed with the subscales threat and challenge. Secondary appraisal
is assessed in terms of control expectancies and self-confidence in one’s abilities. Participants answered on a 6-point Likert
scale ranging from 1 (completely disagree) to 6 (completely agree). The instruction framed the items (1) around a hypothetical
critical range situation where remaining range and remaining trip length are the same before and after the test drive, and (2)
around the experienced range situation during the test drive. Possible score values for the two subscales were between 1 and
6. High values indicated stress-inducing appraisal for primary appraisal and stress-reducing appraisal for secondary apprai-
sal. Cronbach’s alpha for primary appraisal was good and for secondary appraisal it was excellent. There was one missing
value (hence, N = 73) for primary appraisal (see Table 3). A mean score was computed for primary appraisal and secondary
appraisal. After that a mean score was computed for each from the scores of section A and section B.
2.3.4. Range stress
Range stress was assessed indirectly (labeled stress_indirect) with the stress index score of the PASA (Gaab, 2009), which
resulted from the ratio of primary appraisal and secondary appraisal. Possible score values range from 5 to +5 (higher val-
ues indicating higher experienced stress). Cronbach’s alpha was good to excellent and there was one missing value (hence,
N = 73; see Table 4). A mean score was computed from the scores of section A and section B.Table 3
Scale characteristics and descriptive statistics for range appraisal.
Reliability Descriptive statistics
Cronbach’s alpha Test-retest rSec_A Sec_B Test-retest rPre_drive Post_drive N M SD Min Max
Prim_App pre_drive .89 .80 .60 74 4.11 1.00 1.63 5.75
while_drive Sec_A = .85 73 3.10 0.93 1.00 5.38
Sec_B = .87 74 3.14 0.96 1.00 5.63
post_drive .87 74 3.63 1.00 1.50 5.75
Sec_App pre_drive .85 .85 .66 74 4.49 0.75 2.63 6.00
while_drive Sec_A = .91 74 4.73 0.75 2.75 6.00
Sec_B = .92 74 4.64 0.77 2.88 6.00
post_drive .92 74 4.79 0.76 2.38 6.00
Table 4
Scale characteristics and descriptive statistics for range stress.
Reliability Descriptive statistics
Cronbach’s alpha Test-retest rSec_A Sec_B Test-retest rPre_drive Post_drive N M SD Min Max
Stress_indirect pre_drive .89 .84 .70 74 0.39 1.49 3.88 2.63
while_drive Sec_A = .90 73 1.62 1.45 5.00 2.63
Sec_B = .91 74 1.49 1.52 5.00 2.63
post_drive .88 74 1.16 1.39 4.38 2.00
Stress_direct while_drive – .78 – 74 3.37 2.49 0.00 10.00
– 74 3.32 2.28 0.00 10.00
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The item was ‘‘How stressed do you feel by the current development of range (the relationship of remaining trip distance
to remaining range?)” Participants answered on an 11-point Likert scale ranging from 0 (no stress at all) to 10 (highest possible
stress). Results are shown in Table 4. A mean score was computed from the scores of section A and section B.
3. Results
We tested for univariate outliers according to Grubbs (1969) and none were identified. Cohens’s d was calculated as a
measure of effect size for t-tests and is reported in the tables. Cohen’s d was interpreted in the text according to Cohen’s
conventions (1992; i.e., weak effect is d = 0.20; moderate effect is d = 0.50; strong effect is d = 0.80). Part correlation rpart
was calculated as a measure of effect size for the regression analyses and is reported in the tables. It is interpreted according
to Cohen’s conventions (1992; i.e., weak effect is r = .10; moderate effect is r = .30; strong effect is r = .50).
3.1. (Q1) Effect of first-time experience of a critical range situation on inexperienced BEV drivers’ range experience
To examine whether first-time experience of a critical range situation in a mostly protected environment has a positive or
negative influence on inexperienced BEV drivers’ range experience, two-tailed t-tests for paired samples were calculated for
subjective range competence and understanding of range dynamics, range appraisal and range stress (measurements before
and after the test drive were paired for each variable in the analyses). Because the focus was solely on the effect of experienc-
ing a critical range situation, just the groups which received no coping information were tested. Results are shown in Table 5.
Regarding Q1H1 results show that first-time experience of a critical range situation had a significant, yet relatively weak,
effect on drivers’ subjective range competence and no effect on drivers’ understanding of range dynamics (see Table 5).
Regarding Q1H2 results show that first-time experience of a critical range situation had a significant moderate effect on pri-
mary appraisal and no effect on secondary appraisal. Regarding Q1H3 results show that first-time experience of a critical
range situation had a significant nearly strong effect on the PASA stress index and an also significant moderate effect on
range stress measured directly with one stress item. In sum, four out of six variables show a significant enhancement in
range experience. Hence, regarding (Q1) results indicate that first-time experience of a critical range situation in a mostly
protected environment has definitely no negative effect on the examined variables, yet rather (1) a moderate positive effect
on inexperienced BEV drivers’ range stress (i.e. reduced range stress), primary appraisal (i.e., reduced primary appraisal) as
well as range competence (i.e., increased range competence), and (2) no effect on drivers’ secondary appraisal and under-
standing of range dynamics.
3.2. (Q2) Additional effect of minimal coping information during first-time experience of a critical range situation on inexperienced
BEV drivers’ range experience
Multiple linear regression analyses were conducted with IV1 CopeInfo and IV2 RangeBuff as predictor variables (forced
entry method). The tests for IV1 CopeInfo were one-tailed because we had directional hypotheses. The tests for IV2 RangeBuff
were two-tailed. Results are presented in Table 6. We tested for possible interactions between both independent variables
according to Field (2009). Regarding all dependent variables the interaction terms showed no significant contributions to
the explanation of variance (0.0% 6 D R2 6 3.3%), hence, there were no interactions between IV1 CopeInfo and IV2 RangeBuff.
3.2.1. Subjective range competence and understanding of range dynamics
Regarding hypothesis (Q2H1) the predictor IV1 CopeInfo yielded (1) a significant moderate effect on drivers’ subjective
range competence during the test drive and no effect for the pre-post difference score, and (2) a significant weak effect
for drivers’ understanding of range dynamics for the pre-post difference score. Therefore, providing minimal coping informa-
tion leads to a slight enhancement in subjective range competence (i.e., increased range competence during the test drive,
but not for the pre-post difference scores) and understanding of range dynamics. Consequently, hypothesis (Q2H1) is partly
supported by the data.Table 5
t-tests for paired samples for the CopeInfoNo groups regarding Q1.
M SD t p d
(Q1H1) subjective range competence and understanding of range dynamics range_comp 0.26 0.77 2.07 .046 0.34
estim_conf 0.09 1.07 0.54 .594 0.08
(Q1H2) range appraisal Prim_App 0.59 0.92 3.92 <.001 0.64
Sec_App 0.18 0.65 1.67 .098 0.28
(Q1H3) range stress stress_indirect 0.77 1.09 4.32 <.001 0.71
stress_direct 0.48 1.08 2.70 .011 0.44
Note: p-values are two-tailed.
Table 6
Multiple linear regression analyses with IV1 CopeInfo and IV2 RangeBuff as predictors.
B SE B b P rpart
Subjective range competence and
understanding of range dynamics
range_comp while_drive IV1 CopeInfo (Q2H1) 0.51 0.18 .34 .003 .34
IV2 RangeBuff (Q3) 0.41 0.18 .27 .026 .27
prepost_diff IV1 CopeInfo (Q2H1) 0.29 0.22 .16 .091 .16
IV2 RangeBuff (Q3) 0.03 0.22 .02 .879 .02
estim_conf prepost_diff IV1 CopeInfo (Q2H1) 0.46 0.27 .20 .048 .20
IV2 RangeBuff (Q3) 0.13 0.28 .06 .637 .06
Range appraisal Prim_App while_drive IV1 CopeInfo (Q2H2) 0.05 0.19 .03 .394 .03
IV2 RangeBuff (Q3) 0.69 0.20 .39 .001 .39
prepost_diff IV1 CopeInfo (Q2H2) 0.22 0.21 .13 .143 .13
IV2 RangeBuff (Q3) 0.20 0.21 .11 .338 .11
Sec_App while_drive IV1 CopeInfo (Q2H2) 0.43 0.16 .30 .004 .30
IV2 RangeBuff (Q3) 0.46 0.16 .32 .004 .32
prepost_diff IV1 CopeInfo (Q2H2) 0.22 0.14 .18 .064 .18
IV2 RangeBuff (Q3) 0.26 0.14 .20 .078 .20
Range stress stress_indirect while_drive IV1 CopeInfo (Q2H3) 0.49 0.30 .17 .056 .17
IV2 RangeBuff (Q3) 1.15 0.30 .41 <.001 .41
prepost_diff IV1 CopeInfo (Q2H3) 0.00 0.26 <.01 .495 .00
IV2 RangeBuff (Q3) 0.46 0.26 .20 .085 .20
stress_direct while_drive IV1 CopeInfo (Q2H3) 0.02 0.24 .01 .462 .01
IV2 RangeBuff (Q3) 1.03 0.24 .46 <.001 .46
prepost_diff IV1 CopeInfo (Q2H3) 0.19 0.23 .10 .208 .10
IV2 RangeBuff (Q3) 0.13 0.23 .07 .574 .07
Note: N = 74, except for range_comp while_drive N = 60. p-values are one-tailed for IV1 CopeInfo and two-tailed for IV2 RangeBuff.
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Regarding hypothesis (Q2H2) the predictor IV1 CopeInfo yielded (1) no effect for primary appraisal (neither during the
test drive nor for the pre-post difference scores), and (2) a significant moderate effect on secondary appraisal during the test
drive and no effect for the pre-post difference score. Therefore, providing minimal coping information leads marginally to an
enhancement of range appraisal immediately in the critical range situation (i.e., increased secondary appraisal), but showed
no influence on primary appraisal or the adaptation effect (i.e., pre-post difference scores). Consequently, hypothesis (Q2H2)
is marginally supported by the data.
3.2.3. Range stress
Regarding hypothesis (Q2H3) the predictor IV1 CopeInfo yielded (1) no effect for the PASA stress index (neither during the
test drivenor for thepre-postdifference scores), and (2)noeffect rangestressmeasureddirectlywithone stress item.Therefore,
providingminimal CopeInfo leads not to decreased range stress. Consequently, hypothesis (Q2H3) is not supportedby the data.
3.3. (Q3) Effect of different criticality levels on inexperienced BEV drivers’ range experience
Results are depicted in Table 6. The influence of minimal coping information was relatively weak on range experience (no
influence on adaptation effect except for drivers’ understanding of range dynamics, no influence on experienced stress, pos-
itive influence on range competence and secondary appraisal during the test drive) independent from the criticality levels.
Results showed that the criticality level (i.e., available range safety buffer) has an influence on range experience during the
test drive (except for range stress measured with single item) but no influence on the pre-post difference scores. No inter-
actions could be found between the two independent variables and, therefore, the criticality level has no influence on the
effect of minimal coping information on range experience. In sum, the effect of minimal coping information could be found
under different criticality levels and the criticality has no significant influence on the adaptation effect.
4. Discussion
Regarding (Q1) results indicate that the first-time experience of a critical range situation in a mostly protective environ-
ment can partly enhance range experience. (Q2) This positive effect is slightly supported by providing minimal coping infor-
mation. Regarding (Q3), results finally show that the adaptation effect is quite similar under both levels of range situations’
criticality (i.e., critical vs. high critical situation) and, therefore, it is not necessary to use a setting where remaining range
seems clearly insufficient to complete the trip (i.e., by using a cover story or concealed possibilities to shorten the trip).
4.1. Implications
Results regarding the effect of first-time experience of a critical range situation imply that it would be a fruitful strategy to
provide a test drive to future BEV drivers, on which they experience a critical range situation in a protective environment.
N. Rauh et al. / Transportation Research Part F 44 (2017) 30–41 39This could be realized by an instructed or accompanied test drive on a route which leads to a situation where remaining
range is hardly or even not sufficient to complete the trip. However, in the present study participants finished the trip with
a quite high range safety buffer (average SOC of 17%) due to the lower consumption on the last parts of the trip (which
resulted in a slower decrease of available range safety buffer) in comparison to the first parts of the trip. Maybe, this quite
high buffer at the end of the trip is an important element to induce the positive adaptation effect. Further research is needed
to examine this possibility.
Results regarding the influence of coping information imply that it could have an additional positive effect on range expe-
rience (especially for drivers’ subjective competence feeling in terms of range competence and secondary appraisal during
the test drive as well as understanding of range dynamics) and, therefore, facilitate a better range experience in the range
situation. One strategy could be to provide such information (e.g., information about factors that influence range, strategies
for saving energy while driving) with, for instance, interactive manuals or trainings to BEV drivers or this information could
be implemented at an even earlier stage (e.g., within driving school training). Another strategy could be to also provide fur-
ther information while driving (e.g., feedback and hints for individual energy-efficient driving style, detailed consumption
information and trip elevation profile through a comprehensive user interface). Therefore, effective displays (i.e., precise,
dynamic, reliable) are recommended.
With respect to methodological implications, the present study demonstrated that an experimental setting where
remaining range is hardly sufficient to complete the trip (i.e., displayed range is not much above the remaining trip length)
is adequate to examine range experience in critical range situations. This also implies that this setting is sufficient to induce
active exploration in a real-life setting and, therefore, can induce a positive effect on inexperienced BEV drivers’ range expe-
rience and the successfulness of the adaptation effect. Therefore, a setting where remaining range seems clearly insufficient
to complete the trip (i.e., by using a cover story or concealed possibilities to shorten the trip) is not a requirement. However,
it must be ensured that drivers do not run out of energy and are able to reach the destination. Therefore, an optimal route has
to be found, which allows driving with a small available range buffer (e.g., through total length of the route, higher consump-
tion at the first part of the route due to elevation or speed profile), and still ensures a safe return (e.g., lower consumption at
the second part of the route due to elevation or speed profile, other possibilities to save energy like the ECO PRO mode). Such
routes are not easy to find, especially under everyday conditions. Therefore, a cover story or concealed possibilities to
shorten the trip constitute a good alternative to examine range experience and induce active exploration, when an optimal
route is not available. In sum, both experimental settings (with a cover story and without a cover story) are proven useful to
examine range stress. With the participants’ briefing regarding the purpose of the study (examining user experience in crit-
ical range situations) and the effort to make clear that it is possible to ran out of energy during the trip and that this has to be
avoided, we could create a situation that induces range stress and allow for the examination of the relative differences in
experienced range stress due to given coping information and induced criticality. Regarding the absolute level of stress expe-
rience, it is possible that it is lower in our study than in every day live due to the study character (participants drove in a
relatively protected environment).
4.2. Limitations and further research
The present research examined two different levels of range situations’ criticality: (1) critical range situation with small
range buffer and (2) high critical range situation with very small range buffer. Results show that there are just slight differ-
ences regarding the result patterns between the two levels of criticality. However, this does not test the full range of possible
criticality levels but only two very prototypic ones. The question arises if lower or higher criticality than those chosen will
lead to the same or a better effect. Indeed, a lower criticality involves the danger of not being critical enough to induce an
active exploration of the range situation. Literature gives indications that the adaptation effect cannot be found after the first
week of BEV usage under daily conditions (Franke et al., 2015). Using a cover story to enable higher levels of criticality (i.e.,
different configuration of cover story and route) involves the danger of not being manageable at all. Hence, when the cover
story becomes too extreme (route is much longer than the available range buffer) users can give up and take the situation not
seriously enough and, therefore, do not really explore the range situation.
The present results show that providing minimal coping information has the potential to enhance range experience in
critical range situations and encourage the adaptation effect. Maybe, providing more detailed information can further
increase this effect. Further research is needed to identify the exact contents of knowledge that have to be provided and
in which extent it has to be provided (i.e., is more information needed to get a broad understanding or should special infor-
mation be explained in more depth). Therefore, more research is needed to determine which information induces a better
adaptation effect.
Literature shows that the major share of the adaptation process seems to occur within the first weeks of BEV usage
(Franke, Günther, et al., 2015; Franke, Rauh, et al., 2015; Pichelmann et al., 2013), but meaningful learning also occurs after
the first months of BEV usage (Rauh et al., 2015). Therefore, concentrating on a first-time experience of a critical range sit-
uation as an intervention is only a first step. There is also the need for keeping users engaged to support long-term adapta-
tion. It seems to be a fruitful approach to motivate BEV drivers to intensively explore and understand the range of the BEV,
especially in critical range situations (Franke, Cocron, et al., 2012; Franke, Neumann, et al., 2012) during the whole adapta-
tion period and, therefore, expand their range comfort zone.
40 N. Rauh et al. / Transportation Research Part F 44 (2017) 30–41The current research took place in winter under harsh conditions (snow, ice, sparse light), which are stressful conditions
themselves. Therefore, it is possible that participants could not perfectly concentrate on exploring the critical range but were
partly distracted by weather conditions or other distractors (e.g., high traffic density). It is possible that the effect of first-
encounter of a critical range situation as well as the effect of coping information will be more positive under conditions that
are less distracting.
Given the recruitment of interested participants from the university our sample had a relatively high technical back-
ground (approximately half of the participants had a technical background based on their statements about professional
background or their field of study). As relevant domain-specific knowledge has the potential to help drivers to better under-
stand range dynamics while driving (e.g., Franke and Krems, 2013c; Franke, Cocron, et al., 2012; Franke, Neumann, et al.,
2012; Lundström & Bogdan, 2012) the revealed effect of minimal coping information could be underestimated in the present
study. Other users with lower technical system knowledge could profit more from such minimal coping information and,
therefore, providing coping information could have a lager effect on range experience for such a sample. However, we exam-
ined basic mechanisms of stress development and stress reduction and, therefore, we assume that our results regarding the
relative differences due to the given coping information and the level of criticality can be transferable to other groups of
drivers.
In the present research we focused on questionnaire data and, thus, on drivers’ self-ratings regarding their experience
when driving the electric vehicle in a critical range situation. In further research it might be also interesting to examine more
objective data like driving data or eye movement to get further insights into the potential of driving experience with electric
vehicles and domain specific knowledge to improve user experience (e.g., reduce range stress).
4.3. Conclusion
All in all, the present study provides first evidence that first-time experience of critical range situations can enhance range
experience in terms of increasing subjective range competence, enhancing range appraisal and reducing range stress to some
degree. This adaptation process to critical range can be slightly supported by providing information on coping strategies.
However, further research is needed to clarify which contents of knowledge are relevant and effective to support a more pos-
itive adaptation process.
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Abstract: A frequently discussed phenomenon within the context of battery electric vehicles (BEVs) is range anxiety.
Range anxiety is defined as a domain-specific form of psychological stress, which can occur in a critical range
situation. The objective of the present study is to better understand user experience in critical range situations
(i.e. range anxiety). After driving a BEV in a critical range situation on an unaccompanied trip of 94 km length,
68 participants were asked about experienced stress-inducing and stress-reducing factors, as well as ideas for
additional stress-reducing strategies. The available range safety buffer and the uncertainty regarding the energy
consumption of the BEV could be identified as central factors related to user experience in critical range situations. The
obtained results can be utilised to formulate design recommendations to help future BEV users to better handle critical
range situations. Installing displays which allow for accurate tracking of the range safety buffer or providing knowledge
to reduce uncertainty might be a good starting point for improving user experience.1 Introduction
One of the most important barriers to widespread acceptance of
battery electric vehicles (BEVs) is their limited range [1]. In this
regard, range anxiety has been repeatedly discussed both in media
coverage [2–4] and scientiﬁc literature [5] and was found to be
negatively related to the efﬁcient usage of BEV range resources
(e.g. [6, 7]). We propose that range anxiety is best conceptualised
as a domain-speciﬁc form of psychological stress, which can occur
in a present or anticipated critical range situation [8]. There is
some indication that relevant domain-speciﬁc knowledge regarding
range and a better understanding of range dynamics while driving
might help to alleviate range anxiety [6]. Hence, advanced driver
assistance systems and an improved user-interface design might
represent fruitful approaches for reducing range anxiety. Especially
regarding BEVs, such systems and interfaces seem to be
meaningful because one can assume that currently critical range
situations are more likely while using BEVs than for combustion
vehicles [8] because of a less dense charging network for BEVs,
long charging durations and a limited range of typically about
150 km when fully charged. Hence, we assume that range anxiety
and therefore the need for advanced driver assistance systems and
an improved user-interface design might be more important in BEV
use than in combustion vehicles. However, in order to develop a
user-centred system design, it is important to comprehensively
understand the user experience in critical range situations (i.e.
range anxiety). To our knowledge, published research that focuses
speciﬁcally on user experience in critical range situations is
currently lacking. Previous evidence suggests that managing BEV
range in everyday use is typically not characterised by experience,
but by avoidance of such situations [6]. Therefore studies
examining user experience in critical range situations as one of
several variables within a ﬁeld trial lasting several weeks (e.g. [9,
10]) might fail to produce much usable data. Additionally, users
typically cannot be interviewed immediately after experiencing
such situations, but only after a few days or weeks, which subjects
the data to retrospective biases and memory degradation.
The objective of the present paper is to examine user experience
immediately after a critical range situation by using a qualitative
approach. To this end, we analysed data from a ﬁeld experiment.Our approach is exploratory, focusing on the identiﬁcation of
different stress-inducing and stress-reducing factors participants
experienced in a critical range situation, as well as their additional
ideas for reducing experienced stress.2 Method
2.1 Participants
Participants were recruited via an online screening questionnaire.
Owing to insurance reasons only members of the Technische
Universität Chemnitz (employees and students) could be recruited.
An invitation was sent by e-mail which also contained the link to
the online screening questionnaire. Additionally, a short article
about the study was posted on the internal news page of
Technische Universität Chemnitz. About 74 drivers completed the
experiment. For the analysis it was important that participants
experienced a critical range situation. The criterion of driving in a
critical range situation was deﬁned as having a minimal
experienced available range buffer during the trip that was smaller
than the average preferred minimum range safety buffer (item:
‘Which range buffer do you set for yourself, below which you
would not be willing to drive the BEV anymore (except in
exceptional circumstances)?’). Six participants did not fulﬁl this
criterion (the minimal experienced available range buffer was
higher than the average preferred minimum range safety buffer)
and were excluded from the analysis.
The 68 participants (50 male and 18 female) were on average 31
years old (MIN = 24, MAX = 61 and SD = 6.70), possessed a driver
license since M = 12 years (MIN = 7, MAX = 34 and SD = 5.66),
drove M = 1300 km/month (MIN = 100, MAX = 15 000 and SD =
1913.37) with a conventional car and had M = 15.73 km BEV
driving experience (MIN = 0, MAX = 200 and SD = 39.74).
Additionally, participants were asked for their system knowledge
regarding relevant aspects of BEV technology with three different
items (‘I am familiar with typical units of electrical engineering
(meaning of ampere, watt, kilowatt hour)’; ‘I am familiar with
propulsion technology of electric vehicles (e.g. types and
functionality of electric engines)’; ‘I have knowledge about015, Vol. 9, Iss. 7, pp. 734–739
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speciﬁc features of technical components, which are incorporated
into the ActiveE (e.g. power electronics, dimensioning of the
regenerative breaking system, displays, driving strategies, …).’).
All three items were answered on a 6-point Likert scale from (1)
completely disagree to (6) completely agree. Cronbach’s Alpha for
the three items was .79 and a mean score was computed. On
average, participants rated their system knowledge as moderate
(M = 4 and SD = 1.15). About 31% of all participants estimated
their knowledge as quite low (average values from 1 up to 3.5)
and 69% estimated their knowledge as quite high (average values
from 3.5 up to 6).
2.2 Field experiment setup
We instructed participants to drive a round trip. They were informed
that they will experience a critical range situation (i.e. remaining
range was only marginally sufﬁcient to complete the trip) because
of BEV range in relation to trip length. They were briefed that the
aim of the study was to examine user experience in a critical range
situation.
The BEV used in this study was an ActiveE with a maximum
available driving range between 130 and 160 km, depending on
driving style [11]. The BEV had an ECO PRO mode that could be
selected by pressing a button to automatically adjust the drive
conﬁguration and comfort functions to achieve a higher range.
Range information was displayed via a digital remaining range
display in kilometres (range estimation based on charge level and
energy consumption over the last 30 km, as stated in the user
manual). Additionally, there was an onboard navigation system,
which displayed the route and the remaining kilometres the
participants had to drive. This was the only information that
participants had to estimate the criticality of the range situation.
At the beginning, participants received a short brieﬁng to the BEV
including technical parameters, relevant displays (digital remaining
range display, onboard navigation system and speedometer) and
explanation of speciﬁc functions such as regenerative braking,
followed by a short accompanied training track. Before the trip
participants completed a questionnaire asking for the demographic
variables, system knowledge regarding relevant aspects of BEV
technology and questions regarding the range safety buffer
including the preferred minimum range safety buffer.
With an average available driving range of 113 km (MIN = 97,
MAX = 137 and SD = 7.5), participants drove on a 94 km
unaccompanied round trip in a hilly rural area with small villages
and country roads. In the last section of the route, there was a
17 km long section of a German Autobahn. The round trip was
designed to lead to a critical range situation because of the energy
consumption proﬁle of the ﬁrst sections (e.g. driving mostly
uphill, which is positively correlated with a high consumption:
participants started the trip at 298 m above sea level and drove up
to 600 m above sea level after ∼37 km). Participants stopped at
several predeﬁned locations during the trip and recorded their
current remaining range and the remaining trip length. Over the
whole trip, participants experienced a minimum available range
safety buffer of M =−2.45 km (Min =−27 km; Max = 11 km;
SD = 9.14; participants’ preferred minimum range safety buffer
was M = 11.93). At these locations, participants also had to call the
experimenter. During these calls, the experimenter asked for
problems during the trip and the ECO PRO mode was introduced
to the participants.
2.3 Data collection
Participants reported their experience of the critical range situation
immediately after the round trip in a structured interview (several
interviewers). They were asked with open-ended questions (Q1)
for stress-inducing factors (‘What worried you during the test
drive? Which situations led to increased stress?’), (Q2) for
stress-reducing factors (‘What calmed you down? Which situations
decreased your stress level?’) and (Q3) for further strategies for
reducing the stress level (‘What would have helped you to be lessIET Intell. Transp. Syst., 2015, Vol. 9, Iss. 7, pp. 734–739
& The Institution of Engineering and Technology 2015stressed (e.g. which additional information before or while
driving)?’). We conducted a pilot study with eight participants to
test the whole experiment and to examine if the interview
questions were understandable and helped participants to
concentrate on the topics of interest. On the basis of this, we
slightly reformulated the interview questions for the main study.
2.4 Data analysis
Interview data were analysed using the inductive category
development methodology according to Mayring [12]. First, all
answers were recorded and transcribed question by question. After
that, all of participants’ statements were coded by two independent
coders and a system of categories was developed. Over the course
of the coding process, including regularly discussion between the
two coders, the system of categories was reﬁned until a
sufﬁciently condensed categorical structure was obtained for
describing how participants experienced the critical range situation.
Following an exploratory approach, we were not primarily
focused on the absolute number of participants in each category
(i.e. the importance or relevance of, for example, a certain stressor
in relation to another one). Rather, we focused on the
identiﬁcation of a wide range of categories describing participants’
experience in a critical range situation (i.e. which aspects caused
stress and which aspects reduced stress). Still, in the following we
report only those categories, which were mentioned by at least
10% of all participants (i.e. seven participants) for reasons of clarity.3 Results
In the following section, we present the extracted categories (labelled
with C, e.g. C1; only categories reported by a minimum of 10% of all
participants) of stress-inducing factors (Q1_StressInd),
stress-reducing factors (Q2_StressRed) and additional stress
reduction ideas (Q3_Idea). For a better understanding of the
categories, and thereby, user experience in a critical range
situation, we provide translated examples of actual participant
statements, which are representative of the categories (alongside
the participant number, e.g. P12). Thus, the actual wording of the
statements was preserved as closely as possible given the
necessary changes inherent to the translation process. Annotations
by the authors for better clariﬁcation of some statements are
written in brackets in italics. Table 1 gives an overview of
interview questions, categories derived from participants’ answers
and some examples to better describe the categories.
3.1 Stress-inducing factors (Q1_StressInd)
As one might expect, when asked for stress-inducing factors
(Q1_StressInd), participants reported ‘decreasing range’ (Q1C1),
for instance, limited available range safety buffers and
‘uncertainty’ (Q1C2), for instance, uncertainty regarding
consumption on different parts of the trip.
3.1.1 StressInd: decreasing range (Q1C1): Regarding the
category ‘decreasing range’ (Q1C1), one participant stated:
‘[...] At the beginning the range display – the remaining range –
decreased relatively fast’. (P12)
For some participants, the clearly notable decrease in range was
surprising:
“I think it was the ﬁrst section when I left Chemnitz [‘Chemnitz
was the starting point for the trip’] – the remaining range
display decreased relatively fast as I drove uphill, well, it was
clearly notable – surprising’. (P26)
More often they endorsed the decreasing range safety buffer (i.e.
difference between displayed remaining range and remaining trip
length) rather than the decrease of remaining range in general as
stress-inducing:735
Table 1 Interview questions, categories derived from participants’ answers and examples for each category
Question (Q) Categories (C) Examples
Q1_StressInd: stress-inducing factors (‘What worried you during the test drive?
Which situations led to increased stress?’)
Q1C1: decreasing range clearly notable decrease in range
decreasing range safety buffer
range safety buffer became
negative
Q1C2: uncertainty uncertainty regarding BEV energy
consumption
anticipation of the potential for
high consumption
Q2_StressRed: stress-reducing factors (‘What calmed you down? Which situations
decreased your stress level?’)
Q2C1: sufficiency of/increase
in range
enough remaining range
sufficient range safety buffer
increase in range safety buffers
Q2C2: enhance certainty appropriate user interface
familiarity with the route
Q2C3: energy consumption
assistance factors
ECO PRO mode
successful energy-efficient driving
style
regenerative braking
Q3_Ideas stress reduction ideas (‘What would have helped you to be less stressed
(e.g. which additional information before or while driving)?’)
Q3C1: more knowledge in
general
about energy-efficient driving
style
about ECO PRO mode
about interpretation of display
information
about consumption under
different conditions
about elevation profile of the
entire trip
about existence of a range
reserve
Q3C2: more information while
driving
feedback on individual driving
style
about charging station network
detailed consumption information‘However it was just every time, when the buffer became a little
bit small’. (P11)
‘[...] That there was temporarily just a 3 km difference between
the route I still had to drive and the total distance the car still
was able to drive. Well, I really was temporarily very
nervous’. (P35)
The moment when the range safety buffer became negative (i.e.
remaining range was smaller than remaining trip length) was
especially stress provoking for participants:
‘Well, every time when range fall below the remaining trip
length’. (P39)
3.1.2 StressInd: uncertainty (Q1C2): Regarding the category
‘uncertainty’ (Q1C2), for instance, with respect to BEV energy
consumption, participants stated:
‘Well, actually only in the ﬁrst section, because at this time I
could not estimate how much I will consume and how much
I can regain’. (P43)
‘Well, sometimes the unexpected ﬂuctuation of range [...]
sometimes it decreased faster, sometimes slower […]. That
irritated me a little bit. Moreover, then I was always
wondering: will it decrease or increase?’ (P53)
The uncertainty regarding consumption, particularly the anticipation
of the potential for high consumption on the last part of the trip (i.e.
on the Autobahn), stressed participants:
‘And then the Autobahn – well, as I realised that we have to
drive on the Autobahn, I was not sure anymore’. (P57)
‘[...] And I thought: Okay, the Autobahn is still ahead! [...] the
large distance […] I will not make it anymore’. (P64)
3.2 Stress-reducing factors (Q2_StressRed)
Regarding stress-reducing factors (Q2_StressRed), the data indicated
that ‘sufﬁciency of/increase in range while driving’ (Q2C1),736‘certainty enhancement factors’ (Q2C2), for instance, an
appropriate user interface allowing for accurate tracking of the
range buffer, familiarity with the route; and ‘energy consumption
assistance factors’ (Q2C3), for instance, regenerative breaking and
ECO PRO mode would be helpful.
3.2.1 StressRed: sufﬁciency of/increase in range (Q2C1):
Regarding the category ‘sufﬁciency of/increase in range’ (Q2C1),
participants reported:
‘Simply that you had enough remaining range to reach the
destination’. (P17)
More frequently, they endorsed a sufﬁcient range safety buffer (i.e.
difference between displayed remaining range and remaining trip
length) rather than the remaining range, in general, as
stress-reducing:
‘Well, as long as the remaining range was higher than the
remaining trip length, everything was okay’. (P36)
One additional interesting ﬁnding related to (Q2C1) was that users
appraised an increase in range safety buffers as a stress-reducing
factor, even if this buffer was still very small:
‘[…] When I was successful, or alternatively it just happened
that the difference became bigger – once it increased to 8 km
or so between the remaining range and remaining kilometres
to drive’. (P63)
‘Well, ﬁrst the fact that there is a negative buffer, well that...yes,
that it was negative, because I realised that I calmed down when
it, at the start, was at least plus/minus zero’. (P49)
3.2.2 StressRed: certainty enhancement factors (Q2C2):
Regarding the category ‘certainty enhancement factors’ (Q2C2),
participants reported an appropriate user interface that allowed for
accurate tracking of the range buffer:
‘It calmed me that I could always see: How much remaining
range I have and how many kilometres I still have to drive?
And this difference was always positive’. (P13)IET Intell. Transp. Syst., 2015, Vol. 9, Iss. 7, pp. 734–739
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‘[…] The precise feedback of the range display. Well, you
effectively always had the feeling that the range display really
showed a value that is trustworthy. Since it changed
frequently and adapted to the driving style’. (P34)
Furthermore, also regarding (Q2C2), participants reported
familiarity with the route:
‘[…] That it goes downhill at the end and you can save some
energy, that was relatively clear to me, because I know the
route’. (P09)
‘I would say, because I know the route well […], that it will go
into the mountains and then, on the way back, downhill – well,
knowing that it will go downhill’. (P68)
3.2.3 StressRed: energy consumption assistance factors
(Q2C3): Regarding the category ‘energy consumption assistance
factors’ (Q2C3), participants mentioned, for instance, existence of
the ECO PRO mode:
‘After ﬁnding the ECO PRO mode – that calmed me, too’.
(P60)
Regarding (Q2C3), participants also reported a successful
energy-efﬁcient driving style as a stress-reducing factor:
‘And that you obtained experience with this special electric
powertrain while driving. That you know you can calculate
how much range remains. That you see, how much energy
you can regain, that you reach the kilometres you need to
drive. Moreover, then you obtained a feeling for the gas pedal
to drive really efﬁciently’. (P23)
‘Well, that you learn, as time passed, that your own driving
style can contribute to a slower decrease of range’. (P69)
‘On the one hand, certainly the range display. That you can see
how through a special – well, through a predictive driving style
– that you also add kilometres. That it is appreciated, I will say’.
(P41)
Another point regarding (Q2C3) is the regenerative braking, which
was mentioned by participants:
‘Well, also that kilometres were added through this
recharge-thing. However that was actually the main reason, it
was very calming’. (P22)
‘And also to see, when you are driving downhill, and 2 or 3 km
are regained through regenerative breaking – you see at least,
that it is somehow of use and it does something’. (P26)
3.3 Stress reduction ideas (Q3_Ideas)
Regarding additional ideas for reducing stress (Q3_Ideas),
participants reported ‘more knowledge in general’ (Q3C1) and
‘more information while driving with a comprehensive user
interface’ (Q3C2).
3.3.1 Ideas: more knowledge in general (Q3C1): Regarding
the category ‘more knowledge in general’ (Q3C1), participants
reported more knowledge about energy-efﬁcient driving style,
ECO PRO mode, interpretation of display information,
consumption under different conditions such as Autobahn driving
or using different electrical loads such as heating or radio,
elevation proﬁle of the entire trip or about the existence of a range
reserve. A selection of ﬁve statements, which provide an
impression of participants’ additional ideas for reducing stress by
providing more knowledge before driving, is shown below:
‘Like I said, if I had knowledge about the ECO PROmode right
from the beginning, it would not have been so stressful at the
beginning. […] And also the route proﬁle. If I had knowledgeIET Intell. Transp. Syst., 2015, Vol. 9, Iss. 7, pp. 734–739
& The Institution of Engineering and Technology 2015about it, I think I would not have been so stressed at the ﬁrst
sections […]’. (P69)
‘Basically, if the consumption is considerably higher on the
German Autobahn or while driving with high velocities. This
means, the comparison between driving in the city with
permanent stop and go, and continuous driving with high
velocities. […] I mean, if I had known this before, I would
have dealt a little bit more relaxed with the whole thing’. (P20)
‘The relative amount of the air conditioning system and the
radio, thus how much energy they usually consume. Thus, I
simply thought it is just a little bit regarding the radio, but
regarding the heating I simply did not know it, I had no idea.
[…] I did not know which effect it had’. (P51)
‘I would have liked to know how the remaining range is
calculated. Thus, which factors are responsible for the
displayed remaining range. […] I have never driven an
electric vehicle before and I have… thus, I know how a
normal car works, a normal gasoline engine car, no matter if
control gear or automatic. However, I have absolutely no idea
how an electric vehicle works. Thus, regarding a gasoline
engine car I could imagine how the remaining range is
calculated. Moreover, regarding my own car I can estimate it
very very well, because I owned it for a very long time.
However, regarding an electric vehicle: no idea’. (P52)
‘If you had known before that there is a certain buffer available.
Thus, when the range [‘remaining range of the vehicle’] is zero,
you know that there are deﬁnitely 15, 20 or 10 km more
available. Thus, such a certain buffer would have calmed me
down deﬁnitely’. (P62)
3.3.2 Ideas: more information while driving (Q3C2):
Furthermore, regarding the category ‘more information while
driving with a comprehensive user interface’ (Q3C2), participants
reported, for instance, feedback on individual driving style,
information about charging station network and detailed
consumption information. Again a selection of ﬁve statements,
which provide an impression of participants’ additional ideas for
reducing stress by providing knowledge while driving, is shown
below:
‘But I do not know if it is possible: that by entering this route
proﬁle into the navigation system […]. That you just say,
when it goes a bit uphill that it [‘the navigation system’]
calculated how much [‘range’] you need on the basis of the
route proﬁle’. (P12)
‘What would help me is such a head-up-display, so that you do
not always have to look down, because you have on the one
hand the display where you can see the charging or
discharging status, the remaining range, and from the
navigation system, the remaining distance you still have to
drive. It [‘the head-up-display’] projected this data on the
inside of windshield. So you can concentrate fully on the
road and have all of the important information in the ﬁeld of
view’. (P23)
‘That there is a display that shows how efﬁciently I drive. That
means, I know that my battery, my engine, my complete energy
consumption inside [‘the vehicle’] worked optimally’. (P28)
‘Well, maybe hints, how you can drive… well, from the car.
[…] Yes, energy-efﬁcient driving style. Or, I also think that
the pedal is very, very sensitive. You have to habituate to it
so that you may ﬁnd somewhere the right millimetre when
the use of power and the [‘energy consumption?’] are lowest’.
(P40)
‘Information regarding charging stations nearby. […] Maybe on
the map, that it will not only be displayed when you need it, but
rather all the time, as a hint’. (P63)737
4 Discussion
The present paper was conducted to better understand user
experience in critical range situations. Therefore a qualitative
approach was used to examine different stress-inducing and
stress-reducing factors participants experienced in a critical range
situation, as well as their additional ideas for reducing experienced
stress.
Results show that participants generated a variety of different
responses to the interview questions (Q1–Q3). Out of these
responses, (A) critical factors related to user experience could be
extracted which might provide a starting point for improving the
user experience and (B) system design recommendations from
these improvement suggestions could be derived that could help
future BEV users to better manage critical range situations.
4.1 Critical factors related to user experience
Regarding (A) critical factors related to user experience, one relevant
factor is the available range safety buffer. Results indicate that the
difference between displayed remaining range and remaining trip
length is very important for users (i.e. it is the primary variable
that determines user experience). When this buffer decreases,
usage comfort also decreases. In particular, the moment in which
the range buffer becomes negative marks a substantial change in
the quality of the user experience (i.e. it represents the tipping
point for range stress). When the buffer increases, users calm
down, even if the range buffer is still very small or still negative.
Data indicate that in a critical range situation, participants used the
available range buffer, rather than the absolute remaining range
values when evaluating the situation. Therefore it is essential to
provide users with the information needed to accurately evaluate
this buffer (e.g. remaining range and remaining trip length) in an
easily accessible way. Another major critical factor is uncertainty
with respect to BEV energy consumption. When users are unsure
about the BEVs’ consumption because of individual factors (e.g.
driving style), environmental factors (e.g. route proﬁle and
Autobahn) or BEV-related factors (e.g. different driving modes
and effects of regenerative braking), the quality of user experience
is reduced. On the other hand, familiarity with the route (e.g. route
proﬁle and shortcuts) and ‘obtaining a feeling’ for the BEV (e.g.
regarding the drive pedal, consumption and regeneration of energy
under different conditions) improve user experience. Therefore, in
order to feel comfortable even in a critical range situation, it is
important to provide relevant knowledge for reducing uncertainty
(e.g. help users to understand BEV energy consumption and
development of BEV range under different conditions affected by
various individual, environmental and BEV-related factors;
provide information about route proﬁle).
4.2 System design recommendations
Regarding (B) system design recommendations, a fruitful approach
might be the incorporation of displays that should allow for
accurate tracking of the range buffer (i.e. matching of remaining
range and remaining trip length), which means that the relevant
information is optimally displayed (e.g. information visible
simultaneously or perhaps the range safety buffer could be
automatically computed by the BEV’s information management
system and shown as a percentage or in total kilometres). As
continuous information on this variable appears to be important in
critical range situations, a head-up-display or a similarly visible
display location appears to be particularly helpful.
Moreover, more detailed/domain-speciﬁc information
management systems seem to be meaningful. This approach would
be especially helpful in reducing uncertainty as a stress-inducing
factor. Here, two approaches appear important: (i) provision of
information about the BEV, for instance, information about
eco-driving, different driving modes, interpretation of display
information and consumption under different conditions, with, for
instance, interactive manuals or trainings. One possibility is to738implement this information at an early stage (e.g. within driving
school training). As BEVs become more and more relevant in
modern mobility, information about BEVs should be provided to
novice drivers to reduce uncertainty in dealing with this new
technology. Moreover, (ii) provision of more information while
driving, for instance, feedback and hints for individual
energy-efﬁcient driving style, information about the range safety
buffer, detailed consumption information and trip elevation proﬁle
through a comprehensive user interface. Therefore effective
displays (i.e. precise, dynamic and reliable) are needed.
Individualised feedback regarding the success of users’ efforts to
reduce energy consumption and recommendations for additional
range enhancement strategies seem to be important issues.
Another interesting point emerging from participants’ answers is
the importance of practical BEV driving experience to reduce
stress experience in critical range situations. Participants stated that
a better understanding of, for instance, displays, functionality of
the electric engine and especially the different factors inﬂuencing
range development while driving would be helpful to reduce
stress. They mentioned that they obtained more familiar with all
these speciﬁc issues of electric driving during the trip. This
learning effect and its potential to reduce range anxiety are
supposed to even increase with a longer period of driving
experience with a BEV. Literature shows that practical driving
experience with BEVs (deﬁned as absolute kilometres driven with
a BEV) had the potential to reduce stress appraisal and stress
experience in a critical range situation [8]. In [8], it was suggested
that the effectiveness and efﬁciency of the learning process should
be increased in order to reduce range anxiety of BEV drivers.
However, data show that this effect was higher for a driving
experience of M = 89 months in comparison with 3 months. This
implicates that the adaptation and learning process consumes a
longer time period. Therefore it seems also fruitful to help BEV
drivers to speed up this learning process, for instance, with special
tutor systems supporting the driver during each trip, advanced
driver assistant systems that involve concepts from the ﬁeld of
gamiﬁcation or with special accompanied BEV trainings.
Strategies aimed at decreasing range anxiety should ideally be
designed to be in effect for more than just the ﬁrst 3 months.4.3 Limitations and further research
It is possible that the results of the current study did not cover all
relevant aspects which are important in critical range situations
(especially regarding stress-inducing factors) because of the
experimental setting. Participants might have been less stressed
while driving in the ﬁeld experiment context compared with
driving under everyday conditions (e.g. they might have felt less
anxious about negative consequences, because of the fact that the
university had the ultimate responsibility). In future research,
experience in critical range situations should also be examined
under everyday conditions, for instance, a naturalistic driving
study with focus on critical range situations with participants who
are predestinated for experiencing critical range situations (e.g.
long distance commuters).
Additionally, the current research took place in winter under harsh
conditions (snow, ice and sparse light) which are stressful conditions
themselves for some participants. It is possible that this had an
inﬂuence on the stress experience in that way that participants
were more focused on the weather conditions than on the critical
range situation, and therefore could not explore the critical range
situation in detail. In future research, the experiment should be
repeated under more standard weather conditions to examine if
more, less or other stress-inducing and stress-reducing factors will
be mentioned by the participants.
Further investigations are needed to examine which additional
variables have an inﬂuence on range anxiety (i.e. experience of a
critical range) such as individual differences (e.g. personality
traits), system features (e.g. availability of charging stations
enroute and charging time) and environmental factors such as
daytime or regional structure [8].IET Intell. Transp. Syst., 2015, Vol. 9, Iss. 7, pp. 734–739
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One should also keep in mind that in the current study we focused
on experiences of participants who are driving in a critical range
situation. In future research, it might be fruitful to additionally
examine in detail, what concerns drivers have before starting the
trip. To identify stressors which are relevant before the trip might
provide further or more detailed design recommendations
regarding information or assistance systems.5 Acknowledgments
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It is commonly held that range anxiety, in the form of experienced range stress, constitutes a usage
barrier, particularly during the early period of battery electric vehicle (BEV) usage. To better understand
factors that play a role in range stress during this critical period of adaptation to limited-range mobility,
we examined individual differences in experienced range stress in the context of a critical range situa-
tion. In a ﬁeld experiment, 74 participants drove a BEV on a 94-km round trip, which was tailored to lead
to a critical range situation (i.e., small available range safety buffer). Higher route familiarity, trust in the
range estimation system, system knowledge, subjective range competence, and internal control beliefs in
dealing with technology were clearly related to lower experienced range stress; emotional stability (i.e.,
low neuroticism) was partly related to lower range stress. These results can inform strategies aimed at
reducing range stress during early BEV usage, as well as contribute to a better understanding of factors
that drive user experience in low-resource systems, which is a key topic in the ﬁeld of green ergonomics.
© 2015 Elsevier Ltd. All rights reserved.1. Introduction
For several years to come battery electric vehicle (BEV) drivers
will probably have to deal with situations where they face long-
distance trips that are nearly as long as the total available range
of their BEV. This is because it will take considerable time before
BEVs offer a usable range equivalent to that of combustion vehicles
at a comparable price (i.e., evenwith the projected developments in
battery technology). Moreover, larger batteries of BEVs result in a
larger ecological footprint (Hawkins et al., 2012; Karabasoglu and
Michalek, 2013; Yuan et al., 2015) and reduce the potential of
BEVs to enhance sustainability of road transport. Hence, to ensure
that BEVs can make a large contribution to sustainable transport,
the best strategy may not be increasing battery range to match
combustion vehicles but rather tailoring it to a level that ﬁts users'
mobility needs (i.e., travel patterns). However, in this context hu-
man factors issues around the range-related user experience must
be addressed. For instance, what circumstances ensure an optimal
BEV user experience (i.e., trips free of range anxiety), including trips
with a distance almost equal to the range of the BEV?Psychology, Technische Uni-
emnitz.de (T. Franke).Range anxiety is a phenomenon that is frequently named among
barriers to widespread adoption of BEVs (e.g., Birrell et al., 2014;
McIlroy et al., 2014; Nilsson, 2014). Yet, the term range anxiety is
used with many meanings and lacks a clear psychological foun-
dation. It is used to refer to different psychological states such as
experienced discomfort or workload, avoidance behaviors, or even
anticipation of such states (e.g., before buying a BEV). Our research
focuses on user experience while driving in relatively highly critical
range situations, as such situations represent the most prototypical
context for range anxiety and constitute a signiﬁcant usage barrier.
Previously, we suggested that the concept of stress provides a good
psychological foundation for the phenomenon of range anxiety in
such a context (Rauh et al., 2015). In the following we therefore use
the term range stress when writing about the present study, and
the term range anxiety when writing about the phenomenon of
range anxiety in general.
Research has shown that practical experience with BEVs is
typically linked to an adaptation process (Burgess et al., 2013;
Pichelmann et al., 2013; Franke et al., 2015a, in press; Wikstr€om
et al., 2014). Following this adaptation process, range stress oc-
curs relatively infrequently in experienced BEV drivers (Franke
et al., 2012b; Franke and Krems, 2013), even under conditions of
high range demand (i.e., daily long-distance mobility proﬁles;
Franke et al., 2014; Franke et al., in press).
However, this pattern of results also implies that for
T. Franke et al. / Applied Ergonomics 57 (2016) 28e35 29inexperienced BEV users, it is particularly challenging to deal with
limited range. Indeed ﬁrst results show that inexperienced BEV
drivers experience more range stress than experienced BEV drivers
in a standardized critical range situation (Rauh et al., 2015). Clearly,
offering a good range-related user experience from the earliest
stage is vital. Range stress in the early stage of BEV usage (e.g.,
during a ﬁrst extended test drive or while testing a BEV for longer
trips in a car-sharing setting) might particularly contribute to a less
positive ﬁrst impression of BEVs and, hence, constitute a purchase
barrier.
Therefore, a crucial question for human factors research is:
Which factors should be targeted to avoid range stress in the early
period of BEV usage? Or stated differently: Which factors are
related to lower experienced range stress during the ﬁrst encounter
of a critical range situation? Better understanding of factors un-
derlying individual differences in range stress could (1) contribute
to a theoretical understanding of user interaction with limited re-
sources and could (2) inform the development of strategies aimed
at enhancing the range-related user experience in early-stage BEV
usage.
The objective of the present research was to better understand
factors involved in range stress experienced by BEV drivers during
their ﬁrst encounters with critical range situations. To this end, data
from a ﬁeld experiment were analyzed inwhich inexperienced BEV
drivers drove a BEV in a critical range situation. Participants rated
their experienced range stress during the trip (i.e., while encoun-
tering the critical range situation). To our knowledge, this study is
the ﬁrst to examine individual differences in experienced range
stress during critical range situations in early stage BEV usage.
2. Interacting with limited resources
In many ﬁelds of everyday life, abiding by notions of environ-
mental sustainability requires that we manage natural resources
efﬁciently. In other words, we must utilize resources such that
current usage does not compromise future usage of resources (see
World Commission on Environment and Development, 1987; or the
earlier notions of von Carlowitz, 1713). If we apply these goals to the
transport sector we must (1) maximize the usage of renewable
energy for propulsion as well as production of transport systems,
and (2) maximize energy efﬁciency, as well as minimize degrada-
tion of natural resources during production and usage of transport
systems. This explains why electric vehicles are highly appealing.
They have a great potential to enhance sustainability of our trans-
port system.
However, the user is a critical parameter in the equation of the
net sustainability of electric mobility systems (Franke et al., 2012a),
and research shows that it is relatively challenging for users to
efﬁciently deal with range resources in BEVs (Carroll, 2010; Franke
et al., 2012b; Franke and Krems, 2013).
Green ergonomics (Thatcher, 2013; Hanson, 2013) offers a useful
approach to address such challenges because it is concerned with
the design of “low-resource systems” (Thatcher, 2013). According to
Thatcher (2013), green ergonomics interventions have great po-
tential to enhance eco-efﬁciency of products. Dealing with limited
resources can increase workload (i.e., in monitoring and controlling
resources), and green ergonomics can provide interventions (e.g.,
interface design) that reduce this cognitive burden (Thatcher,
2013). Also in the ﬁeld of limited-range BEVs, it has been argued
that increasing battery capacity is only one method of solving the
challenge of limited range, and strategies focusing on human fac-
tors should not be disregarded (Franke et al., 2012b). In particular, a
better understanding of how users handle stress-inducing critical
range situations will help derive ergonomics interventions that
enhance the range-related user experience.3. Present research
The objective of the present research was to better understand
factors involved in BEV drivers’ experience of range stress during
ﬁrst encounter of a critical range situation. The following hypoth-
eses were tested:
3.1. [H1] Route familiarity
Uncertainty has been widely discussed as a key stressor (e.g.,
Greco and Roger, 2003; Paterson andNeufeld,1987). Different types
of uncertainty (e.g., Lipshitz and Strauss, 1997; Milliken, 1987;
Monat et al., 1972), which have diverse effects on experienced
stress and coping, have been identiﬁed. Yet, it can be concluded that
higher uncertainty about the (future) state of the environment (i.e.,
state uncertainty, see Milliken, 1987), which makes anticipation
and anticipatory coping more difﬁcult, can lead to higher experi-
enced stress. Consequently, if drivers are more familiar with the
road that lies ahead (i.e., if they can better anticipate the future
state of the environment), they should experience less range stress.
Accordingly, we expect [H1] that higher route familiarity is related
to lower experienced range stress.
Interestingly, reducing route uncertainty is also employed in
many system concepts that aim to enhance the range-related user
experience and reduce range stress of BEV drivers. These efforts
typically aim at including as much information as possible on route
characteristics in range prediction and route guidance (e.g.,
Demestichas et al., 2012; Neaimeh et al., 2013).
3.2. [H2] Trust in the range estimation system
A range estimation system can be conceived as a kind of auto-
mated system that takes over the task of predicting distance-to-
empty based on detected state of charge (i.e., energy in the bat-
tery), and additional information that helps characterize past,
present and future energy consumption. However, this prediction
algorithm cannot guarantee complete accuracy for every situation.
This may in turn induce uncertainty and mistrust.
Much research has focused on user interaction with automated
systems (Parasuraman, 1997; Hoff and Bashir, 2014). Trust in
automation is a key variable in this regard (Hoff and Bashir, 2014;
Lee and See, 2004; Xu et al., 2015), and has been found to
contribute to a better user experience (Lee and See, 2004). Hence,
trustworthiness is a key design criterion for any automated system.
The quality of the range estimation system is a prerequisite for a
good range-related user experience of BEV drivers. In particular, it
has been pointed out that range displays must be reliable and
trustworthy (e.g., Birrell et al., 2014; Str€omberg et al., 2011;
Neumann and Krems, in press). In connection with the above-
mentioned research, it is important to note that subjectively expe-
rienced trustworthiness is the crucial factor in determining user
experience and behavior (see e.g., Muir, 2007). However, the rela-
tionship between experienced trustworthiness of a range estima-
tion system and experienced range stress has not yet been
empirically tested. Consequently, we expect [H2] that higher trust
in the range estimation system is related to lower experienced
range stress.
3.3. [H3] System knowledge
A fundamental proposition of the transactional model of stress
(Lazarus and Folkman, 1984) holds that stress is a result of a misﬁt
between a person's abilities and the demands imposed by the
environment. Hence, abilities (skills, knowledge) are crucial for
stress resistance. Therefore, relevant knowledge regarding the
T. Franke et al. / Applied Ergonomics 57 (2016) 28e3530technical characteristics of a system should help drivers cope with
unfamiliar critical system states (e.g., low-range situations) thereby
reducing experienced range stress. Consequently, we expect [H3]
that higher system knowledge regarding relevant aspects of BEV
technology is related to lower experienced range stress.
3.4. [H4] Subjective range competence
While technical background knowledge is important, previous
research has pointed out that subjective competence in particular
helps drivers deal with range, and is important for stress resistance
(Franke et al., 2012b; Franke and Krems, 2013). Subjective range
competence is conceptualized as conﬁdence in one's skills to con-
trol range-inﬂuencing factors as well as predicting remaining range
under different conditions (Franke and Krems, 2013). Users who
can subjectively control and predict range should experience
higher sense of mastery and lower uncertainty regarding a critical
range situation. Consequently, we expect [H4] that higher subjec-
tive range competence is related to lower experienced range stress.
3.5. [H5] Emotional stability
It can be expected that, similar to the ﬁnding that comfortable
range e a psychological construct related to range stress resistance
(Rauh et al., 2015) e is partly driven by personality factors (Franke
et al., 2012b; Franke and Krems, 2013), direct experience of range
stress is also partly a matter of personality. High emotional stability
(i.e., low neuroticism) is a personality dimension that is commonly
linked to lower experienced stress (McCrae, 1990; Gunthert et al.,
1999; Schneider, 2004). Consequently, we expect [H5] that higher
emotional stability is related to lower experienced range stress.
3.6. [H6] Control beliefs in dealing with technology
A variable that has been repeatedly found to explain individual
differences in comfortable range is general control beliefs in dealing
with technology (Franke et al., 2012b; Franke and Krems, 2013).
Internal control beliefs reﬂect the degree to which people believe
that they can control events that affect them (Rotter, 1966). In line
with this thinking, control beliefs in dealing with technology have
been suggested as a more domain-speciﬁc construct in the ﬁeld of
humanemachine interaction, where control beliefs also play a
crucial role (Beier, 1999). Control beliefs are also a central variable
in the transactional model of stress (Lazarus and Folkman, 1984). It
appears probable that control beliefs also play a role in the direct
experience of range stress. Consequently, we expect [H6] that
higher internal control beliefs in dealing with technology are
related to lower experienced range stress.
4. Method
4.1. Participants
Participants were recruited via an online screening question-
naire publicized at the Technische Universit€at Chemnitz (e.g.,
intranet news page). For insurance reasons, only members of the
university could be recruited. Participants were not compensated
for their participation. Therefore, it can be assumed that the sample
represents drivers who are particularly interested in electric vehi-
cles (i.e., including potential customers). The 74 drivers (54male, 20
female), who completed the experiment, were on average 31 years
old (Min ¼ 24, Max ¼ 61, SD ¼ 7.19), possessed a driver license for
M¼ 13 years (Min¼ 7,Max¼ 34, SD¼ 6.05) and droveM¼ 1100 km
(Min ¼ 100,Max ¼ 6000, SD ¼ 922) per month with a conventional
car. Participants had M ¼ 17.70 km (Min ¼ 0.00, Max ¼ 200.00,SD ¼ 43.80) practical BEV driving experience.
4.2. Field Experiment Setting
The present research was part of a larger ﬁeld experiment that
examined user experience of critical range situations, and included
the manipulation of two independent variables (IVs) in a 2  2
between-subjects design: the ﬁrst variable, IV1, coping information,
which participants received (minimal vs. comprehensive informa-
tion on strategies to cope with critical range situations), and the
second variable, IV2, available range safety buffer, which partici-
pants experienced while driving (critical vs. highly critical range
situation based on correct vs. exaggerated information on trip
distance). In addition, individual difference variables were assessed
to identify factors involved in user experience in critical range sit-
uations. These variables are the focus of the present research. Par-
tial correlations were used to control for possible inﬂuences of the
two IVs (see section 5).
We instructed participants to drive a round-trip with a BEV,
during which they would experience a critical range situation due
to the relation of available driving range to trip length (i.e., range
situation involving small available range buffers).
The BEV used in this study (BMW ActiveE) had a maximum
available driving range between 130 and 160 km, depending on
driving style (Ramsbrock et al., 2013). However, the present study
took place in winter with an average ambient temperature of
M ¼ 0.55 C (SD ¼ 2.10). Therefore, available driving range at the
beginning of the trip was on average M ¼ 113.93 km (SD ¼ 7.70).
Range information was displayed via a digital remaining-range
display in km (the mean estimated driving range was displayed,
which was based on charge level and average energy consumption
over the last 30 km, as stated in the user manual). Furthermore, an
onboard navigation system displayed the route and remaining km
participants had to drive (i.e., planned trip distance to home).
Before starting the trip, all participants received a short brieﬁng
on the route (i.e., a map of the routewas shown) and use of the BEV,
including an explanation of technical parameters, relevant displays
and speciﬁc functions such as regenerative braking, followed by a
short (3 km) accompanied training trip. Afterwards, participants
made a 94.3-km unaccompanied round-trip. The whole trip con-
sisted of four sections (Sec Ae Sec D). Sec A (13.4 km) consisted of a
part within an urban area followed by a part with hilly country
roads including some small villages. Sec B (22.8 km) and Sec C
(24.9 km) also included hilly country roads and small villages. Sec D
(33.2 km) consisted of a German Autobahn (i.e., multi-laned high-
way,17.0 km) and an urban area. The routewas designed to lead to a
critical range situation during the test drive with Sec A and Sec B
being mostly uphill (start of Sec A 298 m above sea level, end of Sec
B 600 m). Participants experienced a situation where displayed
remaining range was only slightly above or even less than
remaining trip length (i.e., they experienced a small or even
negative range safety buffer during the trip). The minimum expe-
rienced range safety buffer value (i.e., displayed remaining range e
displayed remaining trip distance) of drivers over the whole trip
was M ¼ 0.89 km (SD ¼ 10.24). Participants were requested to
stop after Sec A, Sec B and Sec C at predeﬁned locations. During
each stop they had to call the experimenter and ﬁll out question-
naires assessing experienced range stress in the experienced crit-
ical range situation. In the analyses, only stress measures of Sec A
and Sec B were used because the route was only particularly stress
inducing on the ﬁrst two sections (Sec A þ Sec B). This is because
Sec A and Sec B were mostly uphill and therefore energy con-
sumption was particularly high, which resulted in the pattern that
remaining range decreased faster than remaining trip length (i.e.,
range buffer decreased while driving). After Sec B, participants
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298 m) thus beneﬁtting from regenerative braking and reduced
consumption; this resulted in a slower decrease of available range
(i.e., range buffer partly increased). Moreover, while “distance-to-
home” increased on Sec A and Sec B, it started to decrease after Sec
B (i.e., on the home-bound section of the trip).
4.3. Scales and measures
4.3.1. Route familiarity [H1]
Six items assessed the extent to which participants were
familiar with the route before the trip. Route familiarity was
assessed for three route sections that could have yielded different
ratings because they belonged to typical trip routes in the area. Two
items were administered for each section: (1) “I was already
familiar with the route section between x and y before the trip”, and
(2) “Regarding the route section between x and y, I knew how the
route proﬁle (e.g., elevation and speed proﬁle) would look like” (6-
point Likert scale, verbal anchors: completely disagree, largely
disagree, slightly disagree, slightly agree, largely agree, completely
agree, score values 1e6). Reliability, as indicated by Cronbach's
alpha, was excellent (see Table 1). We interpreted Cronbach's alpha
according to common practice (see e.g. Westland, 2015) as poor
(.5 a < .6), questionable (.6 a < .7), acceptable (.7 a < .8), good
(.8  a < .9), or excellent (.9).
4.3.2. Trust in range estimation system [H2]
The 12-item Trust in Automated Systems scale (Jian et al., 2000),
which was translated into German during a previous research
project (Beggiato and Krems, 2013; Beggiato, 2015), was adminis-
tered after driving to assess trust in the range estimation system.
The instructions were adapted to specify the system as follows: “For
the following statements the term ‘system’ relates to the km-based
range display and the calculation algorithm behind it (¼ the range
estimation system of the ActiveE)” (7-point Likert scale, score
values 1e7). Reliability was excellent (see Table 1).
4.3.3. System knowledge [H3]
Three items, slightly adapted from Franke and Krems (2013),
assessed participants’ system knowledge regarding relevant as-
pects of BEV technology (i.e., units of electricity, electric vehicle
propulsion technology, speciﬁc features of technical components in
the BEV) before the trip. The items used the same 6-point Likert
scale as used for route familiarity. Reliability was acceptable (see
Table 1).Table 1
Scale characteristics and descriptive statistics of variables used in the analysis.
Reliability
Cronbach's alpha Test-retest rSec
Route familiarity .90 e
Trust in range estimation system .92 e
System knowledge .77 e
Subjective range competence .68 e
Emotional stability .60 e
Control beliefs .87 e
PASA.RangeStress Sec A ¼ .90
Sec B ¼ .91
.84
PASA.PrimApp Sec A ¼ .85
Sec B ¼ .87
.79
PASA.SecApp Sec A ¼ .91
Sec B ¼ .92
.85
SI.RangeStress e .78
Note. We tested all variables for univariate outliers according to the thresholds proposed4.3.4. Subjective range competence [H4]
The 4-item Subjective Range Competence scale from Franke and
Krems (2013) was used (same 6-point Likert scale as used for route
familiarity). Reliability was almost acceptable (see Table 1).
4.3.5. Emotional stability [H5]
Emotional stability (i.e., low neuroticism) was assessed using
the 2-item neuroticism scale of the BFI-10 (Rammstedt and John,
2007; 5-point Likert scale, score values 1e5). High values were
scored to indicate high emotional stability. Reliability was ques-
tionable (see Table 1). Yet, the relatively low internal consistency of
such a short personality scale is not uncommon (Romero et al.,
2012) and is not necessarily problematic (Yarkoni, 2010).
4.3.6. Control beliefs in dealing with technology [H6]
The 8-item KUT (Beier, 1999) was used (6-point Likert scale,
score values 1e6, high values indicate high internal control beliefs).
Reliability was good (see Table 1).
4.3.7. Range stress
Two scales assessed range stress after Sec A and Sec B of the test
drive: (1) the 16-item PASA questionnaire (Gaab, 2009) and (2) a
single-item indicator. The PASA assesses situational stress (score
values 5 to þ5, higher values indicate higher experienced stress).
The instruction framed the items on the current range situation
(relation of remaining trip distance to remaining range). Reliability
was excellent (see Table 1). A mean score was computed from
scores of Sec A and Sec B (labelled PASA.RangeStress).
The PASA conceptualizes stress as the product of primary and
secondary appraisal according to the transactional stress model of
Lazarus and Folkman (1984). Stress-resistance factors can have
different effects on primary versus secondary appraisal. Accord-
ingly, we also computed scores of these two subscales for our an-
alyses (labelled PASA.PrimApp and PASA.SecApp, score values 1e6).
High values indicate stress-inducing appraisal for PASA.PrimApp
and stress-reducing appraisal for PASA.SecApp. Both subscales
showed good to excellent reliability (see Table 1). A mean score was
computed from scores of Sec A and Sec B.
Second, a single-item indicator (labelled SI.RangeStress) queried
range stress [item text “How stressed do you currently feel by the
development of range (the relation of remaining trip distance to
remaining range)?”] on a scale from 0 “no stress at all” to 10 “highest
possible stress”. We developed this item based on an earlier version
of this item used in a previous experiment (Rauh et al., 2015).
Wording of the itemwas slightly revised based on experiences fromDescriptive statistics
ASecB N M SD Min Max
74 4.36 1.40 1.00 6.00
74 5.20 1.05 2.33 6.75
74 4.00 1.11 1.00 6.00
74 3.74 0.89 1.75 5.75
74 3.69 0.81 2.00 5.00
73 5.10 0.66 2.75 6.00
74 1.57 1.42 5.00 2.63
74 3.12 0.89 1.00 5.50
74 4.69 0.73 2.88 6.00
74 3.34 2.24 0.00 10.00
by Grubbs (1969). There was only a single outlier for “control beliefs”, hence N ¼ 73.
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current experiment. Test-retest reliability was very good (see
Table 1). A mean score was computed from the scores of Sec A and
Sec B. This single-item indicator also highly correlated with the
PASA (stress index ¼ .68, primary appraisal ¼ .76, secondary
appraisal ¼ .40) indicating that the single item highly reﬂected
the 16-item scale, yet reﬂected primary appraisal more.
5. Results
To control for possible inﬂuences of the two independent vari-
ables manipulated in the ﬁeld experiment (see section 4.2), we
computed partial correlations with these two variables as control
variables to test our hypotheses. As we had directional hypotheses,
we computed one-tailed tests with an alpha of .05. Effect sizes were
interpreted according to Cohen's conventions (1992); i.e., weak
effect is r ¼ .10; moderate effect is r ¼ .30; strong effect is r ¼ .50. To
obtain a complete picture we additionally computed zero-order
Pearson correlations. Unfortunately, there were some problems
with normal distribution of the assessed variables (e.g., route fa-
miliarity was skewed, emotional stability was leptokurtic), which
can be a problem for parametric correlation analysis. Hence, we
additionally computed Spearman rank correlations to obtain an
indication whether the distribution problems may have biased the
results considerably. In the following, our interpretation focuses on
the partial correlation. The other ﬁgures are only discussed if they
revealed substantially different results. That is, they are only dis-
cussed if the zero-order Pearson correlation and the Spearman
correlation differed considerably in terms of (a) effect magnitude
(deﬁned as a difference in correlation coefﬁcient > j.1j) or (b) sig-
niﬁcance (deﬁned as a change from p  .05 to p < .05 or reverse).
However, this was only the case for [H4].
5.1. [H1] Route familiarity and range stress
Regarding [H1], higher route familiarity was linked to lower
range stress, as expected (see Table 2). Both stress indicators
(PASA.RangeStress and SI.RangeStress) showed signiﬁcant effects
that were moderate (PASA.RangeStress) or almost moderate (SI.R-
angeStress). The effect was similar for primary versus secondary
appraisal.
5.2. [H2] Trust in range estimation system and range stress
Regarding [H2], higher trust in the range estimation systemwas
linked to lower range stress, as expected (see Table 3). Both stress
indicators showed signiﬁcant moderate to strong effects. The effect
was nearly equal for primary versus secondary appraisal.
5.3. [H3] System knowledge and range stress
Regarding [H3], higher system knowledge was linked to lower
range stress, as expected (see Table 4). However, only the PASA
showed a moderate and signiﬁcant effect. The effect was similar forTable 2
Relationship of route familiarity and range stress.
PASA.RangeStress PASA.PrimApp
Effect size p Effect size
Partial correlation e.40 <.001 e.32
Zero-order correlation e.36 .001 e.29
Spearman correlation e.40 <.001 e.32
Note. p-values are one-tailed, N ¼ 74.primary versus secondary appraisal.
5.4. [H4] Subjective range competence and range stress
Regarding [H4], higher subjective range competence was linked
to lower range stress, as expected (see Table 5). However, only the
PASA showed a moderate and signiﬁcant effect. The effect was
stronger for secondary compared to primary appraisal. Noteworthy
is that the effect was stronger for Spearman correlation compared
to zero-order and partial correlation. However, this does not alter
the overall picture of results for [H4].
5.5. [H5] Emotional stability and range stress
Regarding [H5], higher emotional stability was linked to lower
range stress, as expected (see Table 6). However, only SI.Range-
Stress showed amoderate and signiﬁcant effect. The effect was only
signiﬁcant for primary but not for secondary appraisal. Hence, the
effect of emotional stability (as assessed with BFI-10) on range
stress is not very pronounced. Particularly, there appears to be no
relationship to secondary appraisal.
5.6. [H6] Control beliefs in dealing with technology and range stress
Regarding [H6], higher internal control beliefs in dealing with
technology were linked to lower range stress, as expected (see
Table 7). Both stress indicators showed signiﬁcant effects. However,
only SI.RangeStess yielded a moderate effect. The effect was
somewhat stronger for secondary compared to primary appraisal.
6. Discussion
The objective of the present research was to better understand
individual differences in range stress experienced by BEV drivers
during their ﬁrst encounter of a critical range situation. In general,
our hypotheses were supported. All correlation coefﬁcients
(H1eH6) were in the expected direction. Higher route familiarity
(H1), trust in the range estimation system (H2), system knowledge
(H3), subjective range competence (H4) and internal control beliefs
(H6) were all signiﬁcantly related to lower experienced range stress
as indicated by the PASA. Only the effect of emotional stability (H5)
was not signiﬁcant. Regarding the single-item range stress indica-
tor, signiﬁcant effects were found for H1, H2, H6, and also for H5.
6.1. Methodological implications
As a ﬁrst methodological conclusion, the single-item indicator
(SI.RangeStress) performed relatively well in comparison to the 16-
item PASA scale. However, it performed less well for the two
competence-related stress resistance factors (i.e., system knowl-
edge and subjective range competence), where the relationship to
the PASA stress score seemed to be particularly driven by a more
positive secondary appraisal (see Tables 5 and 6 and results in
section 4.3.7 that the single-item range stress indicator seems toPASA.SecApp SI.RangeStress
p Effect size p Effect size p
.003 .39 <.001 e.28 .009
.007 .36 .001 e.25 .015
.003 .26 .013 e.29 .005
Table 3
Relationship of trust in range estimation systems and range stress.
PASA.RangeStress PASA.PrimApp PASA.SecApp SI.RangeStress
Effect size p Effect size p Effect size p Effect size p
Partial correlation e.51 <.001 e.43 <.001 .45 <.001 e.44 <.001
Zero-order correlation e.57 <.001 e.49 <.001 .52 <.001 e.52 <.001
Spearman correlation e.60 <.001 e.51 <.001 .51 <.001 e.55 <.001
Note. p-values are one-tailed, N ¼ 74.
Table 4
Relationship of system knowledge and range stress.
PASA.RangeStress PASA.PrimApp PASA.SecApp SI.RangeStress
Effect size p Effect size p Effect size p Effect size p
Partial correlation e.33 .002 e.25 .016 .33 .002 e.18 .068
Zero-order correlation e.28 .008 e.20 .042 .29 .005 e.14 .120
Spearman correlation e.23 .024 e.20 .040 .27 .011 e.16 .092
Note. p-values are one-tailed, N¼ 74.
Table 5
Relationship of subjective range competence and range stress.
PASA.RangeStress PASA.PrimApp PASA.SecApp SI.RangeStress
Effect size p Effect size p Effect size p Effect size p
Partial correlation e.30 .006 e.20 .043 .32 .003 e.19 .055
Zero-order correlation e.29 .006 e.20 .040 .32 .003 e.20 .046
Spearman correlation e.20 .005 e.24 .021 .30 .005 e.32 .003
Note. p-values are one-tailed, N¼ 74.
Table 6
Relationship of emotional stability and range stress.
PASA.RangeStress PASA.PrimApp PASA.SecApp SI.RangeStress
Effect size p Effect size p Effect size p Effect size p
Partial correlation e.17 .077 e.27 .010 e.01 .459 e.31 .005
Zero-order correlation e.20 .042 e.30 .004 .02 .428 e.33 .002
Spearman correlation e.25 .015 e.33 .002 .08 .248 e.34 .001
Note. p-values are one-tailed, N¼ 74.
Table 7
Relationship of control beliefs in dealing with technology and range stress.
PASA.RangeStress PASA.PrimApp PASA.SecApp SI.RangeStress
Effect size p Effect size p Effect size p Effect size p
Partial correlation e.26 .016 e.18 .061 .26 .013 e.34 .005
Zero-order correlation e.28 .007 e.23 .028 .28 .009 e.36 .002
Spearman correlation e.33 .002 e.27 .011 .33 .002 e.35 .001
Note. p-values are one-tailed, N ¼ 73.
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supported by results of H5 where, on the one hand, the PASA stress
score did not yield a signiﬁcant effect but only the primary
appraisal subscale and, on the other hand, the single-item indicator
yielded a signiﬁcant effect. In sum, assessment of range stress with
a single-item indicator (i.e., let respondents rate experienced stress
directly) appears feasible if a highly economic questionnaire design
is needed. However, a comprehensive theory-driven questionnaire
scale is more robust and better supports the examination of factors
that reduce stress by inﬂuencing secondary appraisal. Hence, a task
for further development of the single-itemmeasure for range stress
is to reformulate the item so that it better covers the facet of sec-
ondary appraisal. Moreover, a second item could be developed thatexplicitly addresses secondary appraisal yielding a still highly
economic two-itemmeasure that covers both facets of range stress.
Another methodological implication pertains to system trust. If
research aims to compare the potential of different concepts or
prototype systems for range estimation, with the aim to reduce
drivers’ range stress, it may not be possible to test the different
variants in an extended ﬁeld trial (i.e., ﬁeld trial that can provide
data on the frequency of range stress in everyday use). In such a
case, assessment of system trust using the scale we have used here
may be a good alternative. Moreover, trust can already be assessed
based on user experience in a simulated environment (i.e., driving
simulator study with different system layouts). Thus, from a user-
centered perspective, system trust is a useful benchmark variable
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mation (or range prediction) algorithms.
6.2. Practical implications
Our results show that ﬁrst encounters with critical range are
experienced quite differently by different BEV drivers, and that
several factors can explain drivers’ individual range stress resis-
tance. Results of route familiarity (H1) clearly show how important
it is for drivers to be able to easily anticipate (i.e., know) how a road
will unfold. This provides strong evidence for the development of
technical approaches to reduce range anxiety by reducing route
uncertainty (see section 3.1).
Findings for system trust (H2) point in a similar direction and
provide a ﬁrst empirical analysis that directly tests the frequently
raised claim that perceived reliability and trustworthiness of range
displays (i.e., the range estimation system) is of crucial importance
for range-related user experience. Further, our ﬁndings regarding
trust also represent a general contribution to the growing body of
literature on trust in automated systems which currently receives
increased attention with the rise of highly automated driving
(Eskandarian, 2012).
Study results on system knowledge (H3) and subjective range
competence (H4) demonstrate the importance of prior knowledge
and self-efﬁcacy in reducing experienced stress during ﬁrst
encounter of a critical range situation. Every strategy that aims to
lower range stress in the early period of BEV usage should (also)
aim to increase drivers' background knowledge regarding relevant
system characteristics as well as enhancing drivers’ subjective
competence (i.e., self-efﬁcacy) inmanaging range. However, further
research is needed to precisely deﬁne the knowledge needed.
Finally, results regarding the two personality facets e emotional
stability (H5) and control beliefs (H6)e show that fractions of range
stress exist that are probably not amenable to intervention. The
contribution of stable personality characteristics, which inﬂuence
the extent of stress experienced in a given situation, must be
acknowledged. Interestingly, the facet of emotional stability (i.e.,
low neuroticism) played a less prominent role than expected.While
this could also be due to the minimalistic assessment of this
construct (i.e., use of only the two-item scale of the BFI-10;
Rammstedt and John, 2007), it could also point to a pattern that
range stress e as a domain-speciﬁc form of psychological stress e
might be somewhat different from other forms of psychological
stress.
6.3. Limitations
The present study used a sample that only partially represents
the population of BEV early adopters, or the general population of
car drivers (due to insurance reasons, see section 4.1). However, our
participants’ socio-demographic proﬁles were indeed similar to
typical BEV early adopters, and participants were all highly inter-
ested in driving BEVs. Moreover, because of the study design in-
ferences about causal relationships cannot be drawn. This must be
considered when interpreting our results.
6.4. Conclusion
The objective of the present research was to better understand
individual differences in BEV drivers' experienced range stress
during their ﬁrst encounter of a critical range situation. We found
evidence that many different factors contribute to individual dif-
ferences in stress resistance in this early period of adaptation to
BEV range. Our results provide empirical support and grounds to
pursue certain strategies aimed at reducing range stress (i.e., rangeanxiety) as well as identify further variables that play a role in
drivers’ experienced range stress. We have examined a speciﬁc case
where operators have to interact with limited energy resources (i.e.,
environmental resources) in a demanding situation. Identifying
factors that can enhance user experience in such environments will
contribute to ergonomic design of low-resource systems and
enable user-system interaction patterns that improve sustainability
of the whole system. However, the ultimate goal of green ergo-
nomics is to develop a general theory of user behavior in low-
resource systems. The present research only represents one step
in this long-term research agenda.
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Abstract 
The challenge of reducing worldwide greenhouse gas emissions has become increasingly important 
in recent years. Battery electric vehicles (BEVs) are a promising alternative, as they have the potential 
for a CO2 neutral and sustainable utilization over the entire life of the vehicle. Although BEV’s limited 
range is still considered an important usage barrier, reducing drivers' experience of range stress may 
overcome this barrier. The objective of the present research was to investigate how range related 
knowledge, practical driving experience, and how encountering a critical range situation (i.e., 
experiencing a small range buffer) influences drivers' range stress. A field experiment was conducted 
with 63 participants (20 experienced and 43 inexperienced drivers) who drove a BEV in a critical 
range situation. Results indicated that range related knowledge and practical driving experience 
reduced range stress. Experiencing a critical range situation was related to lower range stress for all 
levels of BEV driving experience. These results can be useful to derive strategies and design 
recommendations that reduce BEV drivers' range stress. 
 
Keywords: battery electric vehicle, range experience, range anxiety, field experiment 
Highlights: 
 Substantial range related knowledge slightly enhanced range experience 
 Practical BEV driving experience enhanced range experience 
 Encountering a critical range situation reduced range stress for all levels of BEV driving 
experience 
 Results have implications for designing strategies to reduce range stress 
 
1 USER EXPERIENCE WHILE DRIVING A BATTERY ELECTRIC VEHICLE 
In recent years, the requirement to reduce CO2 emissions has become increasingly important 
in the sustainable transport sector. Battery electric vehicles (BEVs) have a strong potential to fulfill this 
requirement during their usage phase if charged with energy from renewable resources. Nevertheless, 
there are still relatively few new licensed BEVs in Germany (11,500 BEVs out of 3,4 million new licensed 
vehicles in 2016; Kraftfahrtbundesamt, 2017), which may be due to their limited range (e.g., Bühler, 
Cocron, Neumann, Franke, & Krems, 2014; Ziegler, 2012). The driving range of currently available BEVs 
most often spans from 150 km to 250 km (as stated in the user manuals and communicated through 
online media). Although several studies show that this would sufficiently cover most daily trips (Streit, 
Chlond, Weiß & Vortisch, 2015; Pasaoglu et al., 2014; Bunzeck, Feenstra & Paukovic, 2011; Pearre, 
Kempton, Guensler & Elango, 2011), BEVs’ range is often mentioned as a main  barrier to their 
widespread adoption (Bühler et al., 2014; Egbue & Long, 2012; Graham-Rowe et al., 2012; Jabeen, 
Olaru, Smith, Braunl, & Speidel, 2012).  
The literature covers several technical (e.g., increased number of fast charging opportunities; 
Chen, Wang & Kockelmann, 2015) and psychological approaches (e.g., enhanced range related user 
experience; Franke, Rauh & Krems, 2016) to overcome this barrier. Regarding drivers' range related 
user experience, it is suggested that range stress plays an important role (Rauh, Franke, & Krems, 
2015a). Hence, it is proposed that finding ways to reduce drivers' range stress when driving a BEV 
constitutes one possible approach to reach an optimal range related user experience (Rauh, Franke & 
Krems, 2017; Franke et al., 2016; Luettringhaus & Nilsson, 2012; Egbue & Long, 2012). Therefore, 
further investigation into the effects of possible factors preventing drivers' range stress during BEV 
interaction is needed. Consequently, strategies and design recommendations to improve drivers' range 
experience can be derived, which can help enhance perception of BEV’s range. 
1.1 Range stress experienced during BEV usage 
Range stress describes the drivers’ present experience while driving a BEV in a critical range 
situation (i.e., available driving range seems insufficient to complete the intended trip) or when 
confronted with a hypothetical critical range situation (Rauh, et al., 2015a; Franke et al., 2015). 
Therefore, range stress is one specific facet of the range anxiety phenomenon, which is drivers’ general 
fear of experiencing a dead battery while driving a BEV even without an actual occurrence (Birrell, 
McGordon, & Jennings, 2014; Nilsson, 2014; Luettringhaus & Nilsson, 2012). Previously, we extended 
the Adaptive Control of Range Resources (ACOR) model (Franke & Krems, 2013a) to better understand 
range stress (Rauh et al., 2015a). Based on the underlying assumptions of several control models 
(Hancock & Warm, 1989; Fuller, 2005; Summala, 2007; Lazarus & Folkman, 1984), it is assumed that 
range stress results from a perceived imbalance between the situational demands (e.g., available 
driving range, remaining trip length, charging opportunities or time pressure) and individual resources 
to handle the situation successfully (e.g., knowledge regarding effective coping strategies, confidence 
in the ability to use those strategies effectively, or experience with comparable situations). Figure 1 
shows a slightly adapted version of the model published in Rauh et al. (2015a). 
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Figure 1. A conceptual framework describing range stress occurrence in critical range situations as well 
as some influencing factors. Range stress results when the user perceives the situation as threatening 
or very challenging (primary appraisal) and they judge the coping resources as insufficient to handle 
the situation successfully (secondary appraisal). Domain specific experience and knowledge influence 
the valuation of coping resources. The figure is slightly adapted from Rauh et al. (2015a). 
 
The model proposes two variables describing drivers' range experience in a critical range 
situation: (1) drivers' range appraisal (i.e., primary and secondary appraisal) and (2) experienced range 
stress (Rauh et al., 2017; Rauh et al., 2015a). According to Lazarus' transactional stress model (1995), 
range appraisal reflects the evaluation of the current, potentially stress inducing situation (i.e., a critical 
range situation). Drivers can appraise the situation as relevant for their own wellbeing and evaluate it 
as challenging or even threatening (primary appraisal) due to potential mobility or time loss. Drivers' 
own appraisal of their ability to handle the situation successfully (secondary appraisal) influences this 
evaluation. Therefore, the secondary appraisal in a current critical range situation depends partly on 
the drivers' subjective range competence. This describes the drivers' control beliefs regarding range-
influencing factors and their confidence in predicting remaining range under different circumstances 
(Franke & Krems, 2013a). Range stress can result if users perceive the situation as highly challenging 
or possibly threatening (i.e., high primary appraisal values). It also can occur if the drivers believe that 
their skills to handle the situation successfully (i.e., coping skills) are insufficient (i.e., low secondary 
appraisal values), including, but not limited to, a low subjective range competence.  
Therefore, increasing drivers' coping skills when handling critical range situations (e.g., 
knowledge regarding range influencing factors and eco-driving strategies) and thereby also increasing 
their subjective range competence is one possible approach to decrease drivers' range stress and 
improve range related user experience. 
1.2 Influence of practical driving experience and domain specific knowledge 
Previous research shows that both domain specific experience and knowledge (Tschannen-
Moran & Woolfolk Hoy, 2007; Bandura, 1977) may increase drivers' self-efficacy (i.e., subjective range 
competence and trust in coping skills). 
Congruent with other research (e.g., Luettringhaus & Nilsson, 2012), our conceptual 
framework proposes that experience is one important factor to reduce range stress. Previous research 
has shown that practical BEV driving experience (in terms of km driven) reduced range stress 
occurrence when driving a BEV daily (Franke, Neumann, Bühler, Cocron & Krems, 2012; Franke, Rauh, 
Günther, Trantow & Krems, 2015; Franke et al., 2014) and also while driving in a critical range situation 
(Rauh et al., 2015a). Moreover, a few weeks of practical driving experience sufficiently decreased 
drivers' experienced range stress (Pichelmann, Franke, & Krems, 2013a; Franke et al., 2015), which 
became an even stronger effect with increased driving experience (Rauh et al., 2015a). Furthermore, 
practical driving experience positively influenced range appraisal (i.e., drivers perceived critical range 
situations as less threatening and rated higher on coping resources; Rauh et al., 2015a) and drivers' 
subjective range competence (Rauh, Günther, Franke & Krems, 2017). Other studies have shown that 
even one single BEV trip in a critical range situation can potentially improve range experience (i.e., 
increase subjective range competence, improve range appraisal, decrease range stress) for 
inexperienced BEV drivers (Rauh, Franke & Krems, 2017). To the best of our knowledge, research has 
not examined whether a test drive’s positive influence in a critical range situation on drivers' range 
experience can also exist for experienced BEV drivers. 
Additionally, domain specific knowledge can reduce range stress in a critical range situation. 
Domain specific knowledge regarding range influencing factors or eco-driving strategies (i.e., range 
related coping information) can enhance drivers' understanding of range dynamics while driving in a 
BEV (Franke et al., 2012; Franke & Krems, 2013a; Lundström & Bogdan, 2012). Further, this can help 
improve drivers' coping skills and increase their subjective range competence (Rauh, Franke & Krems, 
2017). Providing drivers with minimal coping information had a slightly positive effect on drivers' 
subjective range competence and range appraisal (Rauh, Franke & Krems, 2017). A positive effect on 
range stress was not found however, either for the direct single-item-measurement or for the indirect 
measurement (i.e., stress index which can be calculated from the primary and secondary appraisal 
values). Hence, after driving in a critical range situation with minimal coping information, 
inexperienced drivers stated that more detailed domain specific information (e.g., information about 
eco-driving strategies, BEV’s consumption under different conditions) was one way to further reduce 
their experienced range stress. Therefore, it should be examined whether substantial range related 
coping information can enhance BEV drivers' range experience in a critical range situation. 
Indeed, practical BEV driving experience and range related knowledge are not mutually 
exclusive. Whereas range related knowledge can be facilitated independently from driving experience, 
the latter is inextricably related to knowledge regarding range and range influencing factors. Increased 
domain-specific experience (e.g., actively interacting with a BEVs' range) leads to increased domain-
specific knowledge (Ericsson & Towne, 2010; Ericsson, 2006). Experienced BEV drivers should have 
more detailed knowledge and a deeper understanding regarding range dynamics than those 
inexperienced (Anderson, 1993). Practical BEV driving experience led to a greater amount of 
knowledge regarding eco-driving strategies (Neumann, Franke, Cocron, Bühler & Krems, 2015). 
Furthermore, experience increases range related knowledge (i.e., declarative knowledge) as well as 
the ability to use this knowledge while driving (procedural knowledge) with little to no mental effort 
(Helmbrecht, Olaverri-Monreal, Bengler, Vilimek & Keinath, 2014). Regarding range experience, it is 
unknown whether declarative knowledge (e.g., facts regarding range influencing factors and eco-
driving strategies) would sufficiently increase subjective range competence, improve range appraisal, 
and decrease range stress, or whether practical driving experience additionally affects these variables 
(e.g., due to a greater amount of procedural knowledge). 
1.3  Objectives 
The objectives of the present research were to examine: [1] the test drive’s influence in a 
critical range situation, [2] the impact of considerable practical driving experience, [3] the effect of 
substantial coping information regarding range and range influencing factors and [4] the differences 
between experienced BEV drivers (i.e., those with procedural knowledge and a certain degree of 
declarative knowledge regarding BEV driving) and inexperienced BEV drivers receiving substantial 
coping information (drivers with declarative knowledge but without procedural knowledge regarding 
BEV driving) with respect to drivers’: (a) subjective range competence, (b) range appraisal and (c) range 
stress during BEV driving in a critical range situation (i.e., a driving situation with a small or even 
negative range safety buffer). To analyze these objectives, experienced versus inexperienced BEV 
drivers with different knowledge levels participated in the current field study by driving during a 
standardized critical range situation. Table 1 and 2 overview the several hypotheses made based on 
the conceptual model. 
The following hypotheses were examined regarding the test drive’s influence: Driving in a 
critical range situation increases drivers' subjective range competence [H1a], improves range appraisal 
(i.e., lower primary appraisal, higher secondary appraisal) [H1b] and decreases range stress [H1c] for 
inexperienced BEV drivers (i.e., higher ratings post-test drive than pre-test drive). No a priori 
hypotheses were made here for experienced drivers (to be referred to as research questions [Q1a], 
[Q1b], and [Q1c]). 
 
Table 1. Overview of the hypotheses and research questions regarding the 
test drive’s influence. 
            
Subj. range 
competence 
BEVexp  
Q1a  
preDrive ??? postDrive 
    
BEVinexp  
H1a  
preDrive < postDrive 
      
R
an
ge
 
A
p
p
ra
is
al
 
Primary 
Appraisal 
BEVexp  
Q1b  
preDrive ??? postDrive 
    
BEVinexp  
H1b  
preDrive > postDrive 
 
    
Secondary 
Appraisal 
BEVexp  
Q1b  
preDrive ??? postDrive 
    
BEVinexp  
H1b  
preDrive < postDrive 
      
Range 
stress 
BEVexp  
Q1c  
preDrive ??? postDrive 
    
BEVinexp  
H1c  
preDrive > postDrive 
            
Note. The question marks in the boxes imply an absence of hypotheses 
regarding the expected effect. BEVexp = experienced BEV drivers. 
BEVinexp = inexperienced BEV drivers. 
 
The proceeding hypotheses were examined regarding the influence of practical driving 
experience: Experienced BEV drivers will have higher subjective range competence [H2a], higher range 
appraisal (i.e., lower primary appraisal, higher secondary appraisal) [H2b] and lower range stress [H2c] 
than inexperienced BEV drivers who did not receive coping information. 
The following hypotheses were tested in terms of the impact of substantial coping information: 
Inexperienced drivers receiving substantial coping information will have higher subjective range 
competence [H3a], higher range appraisal (i.e., lower primary appraisal, higher secondary appraisal) 
[H3b] and lower range stress [H3c] than inexperienced BEV drivers not receiving coping information. 
No a priori hypotheses were made here regarding the difference between experienced and 
inexperienced BEV drivers receiving substantial coping information (to be referred to as research 
questions [Q4a], [Q4b], and [Q4c]).  
 
Table 2. Overview of the hypotheses and research questions regarding group differences. 
                  
Subj. range  
competence 
 H2a  H3a  Q4a  
BEVexp > NoCopeInfo < CopeInfo ??? BEVexp 
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 Primary 
Appraisal 
 H2b  H3b  Q4b  
BEVexp < NoCopeInfo > CopeInfo ??? BEVexp 
 
       
Secondary 
Appraisal 
 H2b  H3b  Q4b  
BEVexp > NoCopeInfo < CopeInfo ??? BEVexp 
         
Range  
stress 
 H2c  H3c  Q4c  
BEVexp < NoCopeInfo > CopeInfo ??? BEVexp 
                  
Note. The question marks in the boxes imply an absence of hypotheses regarding the 
expected effect. BEVexp = experienced BEV drivers. CopeInfo = inexperienced BEV drivers 
receiving substantial coping information. NoCopeInfo = inexperienced drivers not receiving 
coping information. 
 
2 PRESENT RESEARCH 
2.1 Participants 
Three participant groups were assessed in the present study, differing across the amount of 
practical BEV driving experience and coping information received: (1) experienced BEV drivers (labelled 
BEVexp), (2) inexperienced BEV drivers receiving substantial coping information (labelled CopeInfo) 
and (3) inexperienced drivers not receiving coping information (labelled NoCopeInfo).  
The first group of drivers (labelled BEVexp) had obtained three months of practical BEV driving 
experience in a former field trial conducted by the Chemnitz University of Technology (Franke et al., 
2014). They represented typical early customers of electric vehicles (early adopters; Rogers, 2013) 
from the German population and commuted long distance (driving an average of at least 40 km) on a 
regular business day. The average BEV driving distance of the 20 experienced BEV drivers who 
completed the experiment was M = 7500 km (Min = 1200; Max = 12000; SD = 3162.52).  
The second and third group of drivers did not have considerable practical BEV driving 
experience (having driven no greater than 50 km with any BEV). Participants were recruited via a short 
article posted on the internal news page of Chemnitz University of Technology, as well as in local 
newspapers. Of the 178 respondents willing to participate, those selected were comparable to the 
experienced drivers regarding their regular business daily driving distance (i.e., long distance 
commuters). Participants were randomly assigned to one of the two groups mentioned above (labelled 
CopeInfo and NoCopeInfo). Twenty participants were a part of the CopeInfo group and received 
substantial coping information regarding range and range influencing factors (e.g., what the factors 
are that affect the BEV’s energy consumption, how the driver can influence the BEV’s energy 
consumption, and what the energy friendly driving strategies are such as effective use of regenerative 
braking) with the aim to increase their domain specific declarative knowledge. Participants received 
the information in written form and could ask questions at any time. Twenty-three participants were 
a part of the NoCopeInfo group and received information needed for safe BEV driving (e.g., information 
about the functionality of regenerative braking), but did not obtain additional detailed coping 
information.  
Sixty-three participants (8 female, 55 male) averaging 38 years of age (Min = 25; Max = 60; SD 
= 9.52) completed the test drive. They drove M = 150 km (Min = 65; Max = 550; SD = 85.65) on a regular 
business day and possessed their driver’s license for M = 19 years (Min = 7; Max = 40; SD = 8.54). The 
three participant groups did not significantly (p > .05) differ across these variables. Table 3 highlights 
more details regarding the different group characteristics. 
 
 
Table 3. Description of characteristics for the three groups examined in the present study. 
  group N M MIN MAX SD 
age 
BEVexp 20 40.15 25.00 57.00 7.75 
CopeInfo 20 38.60 25.00 60.00 11.13 
NoCopeInfo 23 35.91 25.00 54.00 9.35 
       
average daily driving 
distance in km with 
any vehicle on a 
regular business day 
BEVexp 19 140.21 70.00 250.00 48.94 
CopeInfo 20 138.90 65.00 450.00 84.97 
NoCopeInfo 23 170.78 80.00 550.00 107.26 
       
years of driver’s 
license possession 
BEVexp 19 21.47 7.00 38.00 7.24 
CopeInfo 20 19.10 7.00 40.00 9.61 
NoCopeInfo 23 17.22 8.00 36.00 8.43 
       
total driving distance 
in km with any BEV  
BEVexp 19 7447.37 1200.00 12000.00 3162.52 
CopeInfo 20 1.50 0 30.00 6.71 
NoCopeInfo 23 3.70 0 50.00 11.30 
Note. There were missing values for one BEVexp group participant across daily driving distance, 
driving license possession and BEV driving experience, resulting in N = 19 for this group. 
 
2.2 Field study setup 
Before the test drive, participants received a short briefing on the BEV including technical 
parameters and relevant displays (e.g., digital remaining range display). Also explained were BEV 
specific functions such as regenerative braking. The CopeInfo group received extensive range related 
information. Participants viewed a route map and completed a short-accompanied training trip before 
starting the test drive. 
All participants drove a standardized round trip through a mostly rural and hilly area with the 
same auxiliary energy consumer configuration (same air conditioning system setting, low beams on). 
To ensure drivers experienced a critical range situation throughout the trip, (1) a cover story was used 
and (2) the trip was designed to have a relatively high energy consumption due to the road’s elevation 
profile (i.e., driving mostly uphill). Regarding (1) the cover story, participants believed that the BEV was 
not fully charged due to unexpected technical problems. The BEV’s state of charge (SOC) at the 
beginning of the trip was M = 66% (Min = 56; Max = 75; SD = 3.91), corresponding to an available 
driving range of M = 79 km (Min = 73; Max = 86; SD = 2.58). The three groups did not significantly (p > 
.05) differ regarding the available driving range at the beginning of the test drive. Additionally, 
participants actually had a longer route (73 km) to drive than expected, resulting in an available range 
safety buffer of M = 5.75 km (Min = 0; Max = 13; SD = 2.58) at the beginning of the trip. Hence, 
participants started the trip with an available driving range just slightly greater than the communicated 
trip length. (2) The driven route was mostly uphill (participants started at 298 m above sea level and 
drove up to 505 m above sea level), which correlated with a relatively high consumption compared to 
driving on flat roads. 
There were two fixed stops along the route: stop A (after 14 km) and stop B (after 24 km). At 
stop A, participants had a remaining communicated trip length of 57 km and an available driving range 
of M = 58.65 km (Min = 50; Max = 68; SD = 4.00), resulting in an available range safety buffer of M = 1.65 
km (Min = -7; Max = 11; SD = 4.00). At stop B, participants had a remaining communicated trip length 
of 47 km and an available driving range of M = 51.84 km (Min = 42; Max = 62; SD = 4.54), resulting in 
an available range safety buffer of M = 4.76 km (Min = -5; Max = 15; SD = 4.54). Although the range 
situation at stop A was slightly more critical than at stop B, the available driving range at both stops 
was just sufficient to complete the whole trip. At stop B, the participants were debriefed and drove 
the shortest route back to the starting point (barely 20 km, mostly downhill).  
The BEV used in this study was a BMW i3. It had regenerative braking to recover energy during 
deceleration and could cover a driving distance of up to 160 km on a full charge, depending on driving 
style (as stated in the user manual). The middle of the dashboard displayed range information (e.g., 
available driving range; range estimation based on charge level and energy consumption over the last 
30 km). Furthermore, the vehicle contained a portable navigation system showing the communicated 
route (73 km length) and the remaining km the participants had to drive. 
2.3 Scales and measures 
There were four data collection periods: (1) one before the test drive (labelled preDrive), (2) 
two during the test drive (labelled whileDrive) occurring at stop A and B respectively and (3) one after 
the test drive (labelled postDrive). Drivers rated their own range competence pre and post-test drive. 
Further, they rated range appraisal and range stress pre and post-test drive based on a standardized 
hypothetical critical range situation, whereas during the test drive it was based on the actual range 
situation. 
2.3.1 Drivers’ subjective range competence 
Drivers' subjective range competence was assessed pre and post-test drive with the 4–item 
Subjective Range Competence Scale from Franke and Krems (2013a), which was extended by one extra 
item. The original items were: “The range of the BMW i3 is mostly affected by factors over which I have 
no influence”, “The range I can reach with the BMW i3 is mostly dependent on factors that I can 
control”, “I know how far I can travel on a full charge” and “I can precisely estimate the influence of 
different factors on the range of the BMW i3”. The newly designed item was: “I precisely know all the 
factors that could influence range”. This item added the dimension of knowing the factors influencing 
the confidence in ones’ skills to control these factors and predict their influence. Participants answered 
each item on a 6-point Likert scale ranging from 1 (completely disagree) to 6 (completely agree). 
Cronbach’s alpha was interpreted according to common practice (see e.g., Westland, 2015) as poor (.5 
≤ α < .6), questionable (.6 ≤ α < .7), acceptable (.7 ≤ α < .8), good (.8 ≤ α < .9), or excellent (≥ .9). 
Reliability was good (α = 0.81) pre-test drive and acceptable (α = 0.74) post-test drive. A mean score 
was computed for each data collection point. 
2.3.2 Range appraisal 
The 16-item PASA questionnaire assessed the two facets of range appraisal (i.e., primary and 
secondary appraisal; Gaab, 2009). The PASA consists of several subscales: threat and challenge (for 
primary appraisal) as well as control expectancies and confidence in one’s abilities (for secondary 
appraisal). The questionnaire included a 6-point Likert scale ranging from 1 (completely disagree) to 6 
(completely agree). Range appraisal was assessed (1) pre and post-test drive with items based on a 
hypothetical critical range situation (i.e., available driving range and remaining trip length are equal) 
and (2) during the test drive at stop A and B with items based on the actual experienced range situation. 
Higher values on the primary appraisal subscale indicated a stress-inducing appraisal. On the other 
hand, higher values on the secondary appraisal subscale indicated a stress-reducing appraisal. A mean 
score was computed for primary and secondary appraisal respectively for each data collection point. 
2.3.3 Range stress 
Range stress was assessed with a 9-item scale. Six items were slightly adapted from the “range 
game”, a method to precisely determine a driver’s individual comfort zone (Franke et al., 2012), and 
from Rauh et al. (2015a). The items include the following: “I am concerned about reaching the 
destination”; “I wish I had another electric vehicle to complete this trip”; “I am sure I will reach the 
destination”; “I have concerns regarding the remaining range”; “I am stressed by range” and “The topic 
of range frequently bothered me”. Three further items were designed to better represent three of the 
four facets on which range stress can be expressed (Rauh et al., 2015a; see also Clark & Beck, 2011; 
Nilsson, 2011): (1) the cognitive level (e.g., concerns regarding remaining range or insecurity about 
reaching the destination), (2) emotional level (e.g., feeling stressed, nervous, or even fearful) and (3) 
behavioral level (e.g., intentions to change or recharge the vehicle, altering driving style). The fourth 
facet pertains to the physiological level, however this was not the focus of the current study. The newly 
created items were: “I am unsure about finishing the trip successfully”, “I am nervous” and “I would 
like to recharge the vehicle”. Participants responded based on a 6-point Likert scale ranging from 1 
(completely disagree) to 6 (completely agree). According to range appraisal, range stress was assessed 
(1) pre and post-test drive with items based upon a hypothetical critical range and (2) during the test 
drive at stop A and B with items based on the actual experienced range situation. Reliability ranged 
from good (α = 0.89 at stop A) to excellent (α > 0.90 for all other data collection points). A mean score 
was computed for each point of data collection. 
3 RESULTS 
The data were checked for univariate outliers based on Grubbs’ (1969) criteria. Fourteen data 
points were identified as outliers and thus removed from the analysis. The following sections report 
the respective N. Several repeated measure ANOVAs analyzed the test drive’s influence as well as the 
influence of practical driving experience and received coping information on subjective range 
competence, range appraisal (i.e., primary and secondary appraisal) and range stress. The different 
data collection points were within-subject variables (i.e., measurements pre and post-test drive for the 
hypothetical critical range situation or measurements at stop A and B for the actual critical range 
situation the drivers experienced throughout the test drive). Results will be reported for both the 
hypothetical and actual experienced critical range situation. Practical driving experience and received 
coping information were between-subject variables with three increments (i.e., experienced BEV 
drivers receiving no coping information, inexperienced BEV drivers receiving coping information, and 
inexperienced BEV drivers receiving no coping information). Figure 2 shows the results for subjective 
range competence, Figure 3 and 4 depict the findings for range appraisal (i.e., primary and secondary 
appraisal), and Figure 5 reveals results for range stress. 
Main effects and post hoc comparisons (one-tailed t-tests for directional hypotheses) across 
the three groups (i.e., experienced vs. inexperienced BEV drivers with and without coping information) 
were based on an alpha of .05 with Bonferroni corrections. Interactions would exist if the three groups 
differed in their change over time across the dependent variables. Partial eta squared measured effect 
size and was interpreted according to Cohen’s conventions (1992): weak effect is ηp2 = .01; moderate 
effect is ηp2 = .06, and strong effect is ηp2 = .14. 
3.1 Test drive influence 
For hypothesis H1, experienced and inexperienced BEV drivers' subjective range competence, 
range appraisal, and range stress was examined based on the test drive’s influence in a critical range 
situation. Regarding research question Q1, experienced BEV drivers’ subjective range competence, 
range appraisal and range stress was also analyzed based on the test drive’s influence in a critical range 
situation. 
3.1.1 Subjective range competence (H1a and Q1a) 
Critical range situations significantly affected drivers' subjective range competence: 
F(1, 60) = 29.39, p < .001, η2p = .33. Subjective range competence was higher in all groups post-test 
drive. However, this increase occurring post-test drive was quite small for the experienced drivers (see 
Figure 2 for more details).  Therefore, critical range situations increased subjective range competence 
(i.e., increased competence post-test drive) more so for the inexperienced than experienced BEV 
drivers. Consequently, the results supported hypothesis H1a. 
 
Figure 2. Subjective range competence pre and post-test drive for the following three groups: experienced BEV 
drivers (N = 20), inexperienced BEV drivers receiving coping information (N = 20), and inexperienced BEV drivers 
receiving no coping information (N = 23). Error bars represent 95% confidence intervals. Mean values are shown 
above the respective bars. 
 
3.1.2 Range appraisal (H1b and Q1b) 
 Critical range situations (1) did not significantly affect drivers' primary appraisal in the 
hypothetical critical range situation (i.e., pre and post-test drive): F(1, 60) = 1.55, p = .218, η2p = .03, 
however  (2) it did significantly affect appraisal in the experienced critical range situation (i.e., stop A 
and B): F(1, 58) = 12.36, p = .001, η2p = .18. Although primary appraisals did not change pre vs. post-
test drive, primary appraisals were lower at stop B than at stop A across all three groups (see Figure 3 
for more details). 
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Figure 3. Drivers' primary appraisal pre and post-test drive (based on a hypothetical critical range situation) and 
for stop A and B respectively (based on the experienced critical range situation) for the following three groups: 
experienced BEV drivers (N = 20), inexperienced BEV drivers receiving coping information (N = 20), and 
inexperienced BEV drivers receiving no coping information (N = 23). Error bars represent 95% confidence 
intervals. Mean values are shown above the respective bars. 
 
Critical range situations (1) did not significantly affect drivers' secondary appraisal in the 
hypothetical critical range situation (i.e., pre and post-test drive): F(1, 60) = 2.05, p = .157, η2p = .03 and 
(2) did not significantly affect secondary appraisals in the experienced critical range situation (i.e., stop 
A and B): F(1, 58) = 2.24, p = .140, η2p = .04. Secondary appraisals did not change pre and post-test 
drive and also remained consistent at stop A and B respectively (see Figure 4 for more details). 
Therefore, critical range situations did not improve range appraisals (i.e., decreased primary appraisal 
and increased secondary appraisal post-test drive). Therefore the results did not support hypothesis 
H1b.  
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Figure 4. Drivers' secondary appraisal pre and post-test drive (based on a hypothetical critical range situation) 
and for stop A and B respectively (based on the experienced critical range situation) for the following three 
groups: experienced BEV drivers (N = 20), inexperienced BEV drivers receiving coping information (N = 20 pre 
and post-test drive, N = 18 at stop A and B) and inexperienced BEV drivers receiving no coping information (N = 
23). Error bars represent 95% confidence intervals. Mean values are shown above the respective bars. 
 
3.1.3 Range stress 
Critical range situations (1) significantly affected drivers' range stress in the hypothetical 
critical range situation (i.e., pre and post-test drive): F(1, 60) = 9.69, p = .003, η2p = .14 and (2) 
significantly affected the experienced critical range situation (i.e., stop A and B): F(1, 59) = 17.68, 
p < .001, η2p = .23. Range stress was lower post vs. pre-test drive with the exception of the experienced 
BEV drivers who had slightly higher values post vs. pre-test drive. All groups rated range stress lower 
at stop B than A (see Figure 5 for more details). Therefore, critical range situations improved range 
stress (i.e., decreased range stress post-test drive), thus supporting hypothesis H1c.  Interestingly, 
critical range situations did not improve experienced BEV drivers' range stress in the hypothetical 
critical range situation (i.e., pre and post-test drive), but did improve range stress in the experienced 
critical range situation (i.e., stop A and B). 
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 Figure 5. Drivers' range stress pre and post-test drive (based on a hypothetical critical range situation) and for 
stop A and B respectively (based on the experienced critical range situation) for the following three groups: 
experienced BEV drivers (N = 20), inexperienced BEV drivers receiving coping information (N = 2 pre and post-
test drive, N = 19 at stop A and B) and inexperienced BEV drivers receiving no coping information (N = 23). Error 
bars represent 95% confidence intervals. Mean values are shown above the respective bars. 
 
3.2 Influence of practical driving experience and received coping information 
Hypothesis H2 examined the influence of practical BEV driving experience whereas hypothesis 
H3 analyzed the impact of practical coping information on drivers' subjective range competence, range 
appraisal, and range stress. Research question Q4 assessed the difference between experienced and 
inexperienced BEV drivers receiving substantial coping information regarding drivers' subjective range 
competence, range appraisal, and range stress. 
3.2.1 Subjective range competence (H2a, H3a and Q4a) 
Results showed a significant main effect on drivers' subjective range competence across the 
three test groups: F(2, 60) = 5.20, p = .008, η2p = .15. Post hoc t-tests revealed that there were 
significant differences between the experienced BEV drivers and both groups of inexperienced BEV 
drivers (p = .020 for the group receiving coping information and p = .021 for the group not receiving 
coping information). Experienced BEV drivers had higher subjective range competence than the 
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inexperienced groups pre and post-test drive. The two groups of inexperienced BEV drivers did not 
significantly differ from each other (see Figure 2 for more details). 
Results revealed an insignificant interaction effect with a moderate effect size: F(2, 60) = 2.10, 
p = .132, η2p = .07. Inexperienced BEV drivers receiving substantial coping information had the greatest 
increase in subjective range competence during the test drive (M = 0.73; SD = 0.17), followed by 
inexperienced BEV drivers not receiving coping information (M = 0.59; SD = 0.16) and finally 
experienced BEV drivers (M = 0.25; SD = 0.17). 
In summary, practical driving experience increased subjective range competence pre and post-
test drive, supporting hypothesis H2a. Substantial coping information increased subjective range 
competence slightly more during the test drive, supporting hypothesis H3a to a minor degree. 
Regarding research question Q4a, results showed that the experienced BEV drivers' subjective range 
competence was still higher post-test drive than that of inexperienced BEV drivers receiving coping 
information. However, this difference was smaller post-test drive than pre-test drive. 
3.2.2 Range appraisal (H2b, H3b and Q4b) 
Results indicated (1) an insignificant main effect on drivers' primary appraisal in the 
hypothetical critical range situation (i.e., pre and post-test drive) for the three test groups with a 
moderate effect size: F(2, 60) = 2.01, p = .142, η2p = .06 and (2) an insignificant main effect in the 
experienced critical range situation (i.e., stop A and B) with a moderate effect size: F(2, 58) = 1.90, 
p = .159, η2p  = .06. Post hoc t-tests revealed an absence of significant differences between the three 
groups. Experienced BEV drivers' primary appraisal was slightly higher than that of inexperienced BEV 
drivers both in the hypothetical and experienced critical range situations. Inexperienced BEV drivers 
receiving coping information had the lowest primary appraisal in the hypothetical critical range 
situation (see Figure 3 for more details). There was not a significant interaction effect(F(2, 60) = 1.31, 
p = .276, η2 p= .04), suggesting that neither practical driving experience nor receiving coping 
information altered drivers' primary appraisal during the test drive. 
The three test groups (1) significantly affected drivers' secondary appraisal in the hypothetical 
critical range situation (i.e., pre and post-test drive): F(2, 60) = 3.27, p = .045, η2p = .10 and (2) 
significantly affected the experienced critical range situation (i.e., stop A and B): F(2, 58) = 7.39, 
p = .001, η2p = .20. Although post hoc t-tests revealed a significant difference between experienced 
BEV drivers and inexperienced BEV drivers not receiving coping information, they did not indicate a 
significant difference between experienced BEV drivers and inexperienced BEV drivers receiving coping 
information. Experienced BEV drivers had the highest secondary appraisal (M = 4.21 for the 
hypothetical critical range situation and M = 4.23 for the experienced critical range situation), followed 
by inexperienced drivers receiving coping information (M = 4.06 for the hypothetical critical range 
situation and M = 4.02 for the experienced critical range situation) and those not receiving coping 
information (M = 3.91 for the hypothetical critical range situation and M = 3.77 for the experienced 
critical range situation). See Figure 4 for more details. There was no evidence of an interaction effect 
(1) in the hypothetical critical range situation (i.e., pre and post-test drive): F(2, 60) = 1.31, p = .276, 
η2p  = .04, (2) nor was there one for the experienced critical range situation (i.e., stop A and B): 
F(2, 58) = 0.44, p = .648, η2p = .02. Therefore, neither practical driving experience nor coping 
information changed drivers' secondary appraisal during the test drive. 
Overall, practical driving experience increased secondary appraisal but did not increase 
primary appraisal. Consequently, hypothesis H2b was partly supported. Substantial coping information 
slightly lowered primary appraisal and increased secondary appraisal, which supports hypothesis H3b 
to a minor degree. Regarding research question Q4b, results showed that the experienced BEV drivers' 
range appraisal was slightly higher than that of inexperienced BEV drivers receiving coping information 
in terms of the secondary appraisal. For the primary appraisal, experienced drivers had even higher 
values than inexperienced drivers receiving coping information.  
3.2.3 Range stress (H2c, H3c and Q4c) 
The three groups (1) did not significantly affect drivers' range stress in the hypothetical critical 
range situation (i.e., pre and post-test drive): F(2, 60) = 0.93, p = .400, η2p = .03 and (2) did not 
significantly affect the experienced critical range situation (i.e., stop A and B): F(2, 59) = 1.40, p = .256, 
η2p  = .05 (see Figure 4for more details). 
There was (1) a significant interaction effect in the hypothetical critical range situation (i.e., 
pre and post-test drive): F(2, 60) = 4.46, p = .016, η2p = .13, however (2) there was not a significant 
interaction effect in the experienced critical range situation, although a moderate effect size existed 
(i.e., stop A and B): F(2, 58) = 2.46, p = .095, η2p = .08. Inexperienced BEV drivers receiving substantial 
coping information showed the greatest reduction in range stress in the hypothetical critical range 
situation (M = -0.68; SD = 0.19), followed by inexperienced BEV drivers not receiving coping 
information (M = -0.42; SD = 0.18) and lastly by experienced BEV drivers (M = 0.10; SD = 0.19). 
Therefore, the experienced BEV drivers showed almost no change over time, starting with the lowest 
range stress levels and ending with nearly the same levels. On the contrary, inexperienced drivers had 
a reduction of range stress. Inexperienced BEV drivers receiving substantial coping information showed 
the greatest reduction in range stress during the experienced critical range situation (M = -0.42; SD = 
0.11), proceeded by the inexperienced BEV drivers not receiving coping information (M = -0.17; SD = 
0.09) and finally the experienced BEV drivers (M = -0.11; SD = 0.10). Both the experienced and 
inexperienced BEV drivers not receiving coping information revealed almost no improvement over 
time. Further, the experienced drivers started with the lowest range stress levels, whereas the 
inexperienced drivers not receiving coping information commenced with the highest levels. Both of 
these groups ended with approximately the same level as they started, while the inexperienced drivers 
receiving coping information showed a reduction in range stress. 
Thus, practical driving experience lowered range stress especially at the beginning of the test 
drive, supporting hypothesis H2c. Substantial coping information improved range stress more 
noticeably (i.e., greater reduction of range stress) during the test drive, supporting hypothesis H3c. 
Regarding research question Q4c, either there was no difference in range stress between the 
inexperienced BEV drivers receiving coping information and the experienced BEV drivers post-test 
drive,  or the inexperienced drivers receiving coping information had even lower range stress levels. 
4 DISCUSSION 
The objective of the present research was to examine the test drive’s influence in a critical 
range situation as well as how individual differences (i.e., practical BEV driving experience and 
knowledge regarding range, range influencing factors, and eco-driving) impacted drivers' range 
experience in a critical range situation. Results indicate that the test drive was beneficial (i.e., 
improvement of range experience) even for the experienced drivers, albeit to a lesser extent. 
Furthermore, providing relevant range related knowledge improved range experience for 
inexperienced BEV drivers, who were somewhat able to reach the same stress level as experienced 
BEV drivers (who had the best range experience in a critical range situation). 
4.1 Implications 
The current study’s results support previous findings regarding a test drive’s positive influence 
on drivers' range experience in a protected environment and during a critical range situation (Rauh et 
al., 2017). This result also corroborates previous research indicating that actively exploring critical 
range situations trigger an effective adaptation to range (e.g., Franke, Cocron, Bühler, Neumann, & 
Krems, 2012; Burgess et al., 2013). Given that all the drivers in the present study were long distance 
commuters, they confront relatively high range demands daily even with their combustion engine 
vehicles. These drivers have possibly already experienced different critical range situations with their 
conventional cars. Nevertheless, the first critical range situation encountered in a protected 
environment improved these drivers’ range experience. To our knowledge, the present research is the 
first to show that even those drivers with three months of practical BEV driving experience benefited 
from encountering a critical range situation. This indicates that a considerable part of adapting to range 
occurs in the first few weeks of BEV usage; however, adaptation also happens after this period 
(Pichelmann, Franke, & Krems, 2013a; Franke et al., 2015). Therefore, encountering a specific critical 
incident can stimulate important learning for experienced BEV drivers as well (Burgoyne & Hodgson, 
1983). Consequently, BEV test drives should be provided to future BEV drivers in which they experience 
a critical range situation in a protected environment. Indeed, it is important that drivers receive 
guidance through this first encounter to avoid a negative experience (Rauh, Franke & Krems, 2017) 
that might even strengthen their prejudices against BEVs and make them less likely to purchase one. 
Drivers should receive help to successfully manage the test drive in the critical range situation (e.g., 
accompany the test drive), which will aid driver understanding of range dynamics and reduce their 
uncertainty regarding BEV’s range development. This in turn can improve range experience (Franke et 
al., 2012; Lundström & Bogdan, 2012), reduce range anxiety (Rauh, Franke & Krems, 2015b) and finally, 
increase likelihood of purchasing a BEV (Carley, Krause, Lane, & Graham, 2013; Franke & Krems, 
2013b). The current study’s results also suggest providing special training for BEV drivers to actively 
explore the boundaries of their BEVs' range (e.g., in connection with an eco-driving training). Even 
current BEV drivers can benefit from such a training, which can improve range experience and, 
therefore, increase willingness to drive BEVs on longer trips (Carroll, 2010). It can also encourage 
optimal usage of a BEV’s available range resources (Franke et al., 2012). 
The present study shows that substantial range related coping information (range influencing 
factors, consumption under different conditions and eco-driving strategies) can additionally enhance 
drivers’ range experience. Combined with previous research (Rauh et al., 2017), it is shown that 
providing knowledge can at least slightly improve range experience. Hence, providing knowledge can 
potentially advance learning as well as adaptation to BEVs at least when starting the usage phase 
(inexperienced drivers receiving coping information did not experience more range stress than 
experienced drivers). Therefore, relevant knowledge should be provided to potential future and 
current BEV drivers. Important information regarding range and range influencing factors can be given 
early in the phase (i.e., in driving school) as well as during BEV usage. Providing information while 
driving (e.g., interactive tutor systems, eco-driving assistance systems) can further enhance the effect 
of received coping information, as it would be provided where the driver can use it and when they can 
discover  the effect immediately (Eisel, Nastjuk & Kolbe, 2016). 
4.2 Limitations and further research 
All drivers in the present research were long distance commuters. Assumingly, they have more 
experience with situations where the range is just marginally sufficient to complete the intended trip. 
Further, they likely have examined eco-driving strategies more intensively in their daily driving of 
conventional cars. One explanation for drivers’ high subjective range competence and secondary 
appraisal when the experiment commenced may be because most range influencing factors and eco-
driving strategies for BEVs are comparable to combustion engine vehicles (e.g., influence of speed, 
smooth acceleration to save fuel/energy). Different from former studies, where inexperienced drivers 
drove their combustion engine vehicles considerably less often on a daily basis (M = 62.92; SD = 37.32; 
Rauh et al., 2015a), inexperienced drivers in the current study scored higher on subjective range 
competence and secondary appraisal. Furthermore, they experienced lower range stress in the critical 
range situation from the beginning. This finding indicates that experience with high range demanding 
situations and range related knowledge regarding conventional cars may slightly influence range 
experience when driving a BEV in a critical range situation. This effect should be examined in more 
detail, as the present results could be underestimating the effects of received range related 
knowledge. 
The present study’s test drive was part of a field study conducted by Chemnitz University of 
Technology. The effects revealed could be underestimated due to the test drive’s controlled 
experimental conditions. The specific study characteristics must be highlighted, especially with respect 
to drivers’ primary appraisal (i.e., evaluating the situation regarding the relevance of drivers’ well-
being). The present study did not reveal any change in primary appraisal pre and post-test drive. 
However, the two aspects (i.e., threat vs. challenge) of this evaluation need to be considered, which 
both might differ due to the experimental context. It is proposed that drivers will evaluate the situation 
as less threatening from the beginning given the test drive was part of a conducted field experiment 
(e.g., mostly controlled conditions, researchers took responsibility, experimenter was present). A 
critical range situation should be perceived as more threatening in realistic conditions. On the other 
hand, drivers should evaluate a critical range situation as challenging post-test drive as well due to the 
cognitive load involved in solving such a situation successfully (e.g., continuous monitoring of relevant 
variables, adaptation of coping behavior, considering different range influencing factors, predicting 
range development). Furthermore, drivers are aware of different factors influencing the available 
driving range over which they had little to no control (e.g., surrounding traffic, route profile, weather 
conditions). Hence, drivers will generally interpret a critical range situation as challenging even in a 
field experiment. This could explain the absence of the test drive’s effect on drivers’ primary appraisal. 
Assumingly, drivers’ primary appraisal and the resulting range stress experienced should be higher in 
an everyday situation. Consequently, there may be a stronger effect of domain specific knowledge and 
practical driving experience in such an everyday situation.  
4.3 Conclusion 
Combining the results of previous research with this study may show the possibility of 
improving drivers’ range experience (Rauh, Franke & Krems, 2015a; Rauh, Franke & Krems, 2017). 
Range experience (i.e. experience of range stress) may be an important factor in deciding to purchase 
a BEV (Carley et al., 2013; Franke & Krems, 2013b; Hidrue, Parsons, Kempton, & Gardner, 2011) and in 
increasing range satisfaction (Franke & Krems, 2013a; Lieven et al., 2011). Implementing strategies are 
suggested to enhance range experience (i.e., reduce range stress) by providing relevant knowledge at 
an early phase (e.g., before purchasing a BEV) as well as during the usage phase (e.g., with tutoring 
systems, eco-driving assistance systems , in-vehicle information systems). Such systems should adapt 
to drivers’ needs as it can be argued that knowledge increases with experience (Ericsson & Towne, 
2010; Ericsson, 2006). Providing training to explore the boundaries of BEV’s range may also enhance 
range experience and, therefore, increase BEV acceptance. 
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Abstract 
Objective: The objective of the present research was to advance understanding of factors that can 
protect against range anxiety, specifically range stress in everyday usage of battery electric vehicles 
(BEVs). Background: Range anxiety is a major barrier to the broad adoption of sustainable electric 
mobility systems. To develop strategies aimed at overcoming range anxiety, a clear understanding of 
this phenomenon and influencing factors is needed. Method: We examined range anxiety in the form 
of everyday range stress (ERS) in a field study setting. Seventy-two customers leased a battery electric 
vehicle for 3 months. The field study was specifically designed to enable examination of factors that 
can contribute to lower ERS. In particular, study design and sample recruitment were targeted at 
generating vehicle usage profiles that would lead to relatively frequent experience of situations 
requiring active management of range resources and thereby potentially leading to experienced range 
stress. Results: Less frequent encounter with critical range situations, higher practical experience, 
subjective range competence, tolerance of low range, and experienced trustworthiness of the range 
estimation system were related to lower ERS. Moreover, range stress was found to be related to range 
satisfaction and BEV acceptance. Conclusion: The results underline the importance of the human 
factors perspective to overcome range anxiety and enhance sustainability of electric mobility systems. 
Application: Trustworthiness should be employed as a key benchmark variable in the design of range 
estimation systems, and assistance systems should target increasing drivers’ adaptive capacity (i.e., 
resilience) to cope with critical range situations. 
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1 INTRODUCTION 
Electrification of road transport is one of the greatest transformations in the field of 
sustainable development (Capros, Tasios, De Vita, Mantzos, & Paroussos, 2012; McCollum, Krey, Kolp, 
Nagai, & Riahi, 2014), with the potential to address many sustainability challenges, such as 
decarbonization, global warming, and air pollution (e.g., Pietzcker et al., 2014; Hawkins, Gausen, & 
Strømman, 2012). Battery electric vehicles (BEVs) are particularly promising in these respects with the 
potential of zero emissions during their usage phase (i.e., in comparison to plug-in-hybrid electric 
vehicles) when operating with electricity from renewable sources. Further, BEVs are highly energy 
efficient (i.e., compared to fuel cell electric vehicles; Eaves & Eaves, 2004), which is essential for 
achieving a maximum sustainability effect.  
However, a major challenge is the battery capacity (i.e., the range) of BEVs (e.g., Egbue & Long, 
2012). Simply increasing battery size is not a sustainable solution, because of its link to the ecological 
footprint (McManus, 2012; Yuan, Li, Gou, & Dong, 2015) and cost-effectiveness (Neubauer, Brooker, 
& Wood, 2012) of a BEV. Hence, the larger the battery, the more difficult it becomes for a BEV to 
compensate for the initial resource cost of battery production during vehicle lifetime. Consequently, 
BEVs can only achieve maximum sustainability when battery size is tailored to actual mobility patterns. 
Thus, it is crucial to address human factor issues of the range-related user experience (i.e., under which 
conditions can users cope well with limited mobility resources).  
One of the key issues in this regard is range anxiety, which is frequently considered a barrier 
to BEV usage (e.g., Birrell, McGordon, & Jennings, 2014; McIlroy, Stanton, & Harvey, 2014; 
Luettringhaus & Nilsson, 2012; Nilsson, 2011a). Hence, a comprehensive understanding of human 
factors that can protect against range anxiety in everyday usage of BEVs is needed.  
However, despite considerable investment in BEV research projects around the world, 
scientific knowledge on range anxiety in everyday BEV usage is still lacking. A first reason might be, 
that range anxiety is not well defined in the literature and used with many meanings (see also Nilsson, 
2011b). Hence, we previously suggested range stress as a more accurate psychological concept to 
account for the actual user experience in driving a BEV (Rauh, Franke, & Krems, 2015). We 
conceptualize range stress as a domain specific form of psychological stress occurring in a present or 
anticipated critical range situation (a situation where range resources and personal resources seem to 
be insufficient to successfully manage the situation). Herein, everyday range stress (ERS) specifically 
describes users’ range worries experienced within continued vehicle usage. 
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A second reason for the lack of scientific knowledge on range anxiety in everyday BEV usage 
might be that studying ERS in BEV usage is challenging, because range stress has been found to be a 
relatively rare event under the typical range demand conditions of average car drivers (Franke & 
Krems, 2013a). One approach is to consequently examine range stress in controlled field experiments 
(i.e., actively inducing range stress; e.g., Rauh et al., 2015; Jung, Sirkin, Gür, & Steinert, 2015). However, 
this approach is limited with regard to understanding range stress in everyday BEV usage. Hence, field 
study research that is specifically designed to allow for examination of dynamics in ERS is needed. 
The objective of the present research was to advance understanding of factors that can protect 
against range stress in everyday BEV usage. To this end, a large-scale field study was conducted. 
Considerable effort was invested in the design of the present field study such that it enabled 
examination of ERS. In particular, study design and sample recruitment were targeted at generating 
vehicle usage profiles that would lead to frequent experience of situations requiring active 
management of range resources, and thereby increasing risk of experiencing ERS. 
2 BACKGROUND 
2.1 Addressing human factors in sustainable development  
Sustainability means managing resources in such a way that present usage does not 
compromise future usage (World Commission on Environment and Development, 1987). Hence, 
wherever resource growth is not easily possible on a global level (e.g., energy or environmental 
resources), ensuring sustainability means establishing “low-resource systems” (Thatcher, 2013), i.e. 
systems that require fewer resources in production and usage. However, operating low-resource 
systems (e.g., monitoring and controlling resources) can cause workload and stress (Thatcher, 2013), 
making it difficult for users to fully exploit the sustainability potential of such systems (Franke & Krems, 
2013a; Moore & Barnard, 2012). Hence, a decisive task for human factors research is to identify factors 
that support users’ stress-free interaction with low-resource systems by increasing users’ capacity to 
deal with stress-evoking situations (i.e., increasing resilience). One system that allows us to examine 
such factors are BEVs. 
2.2 The role of resilience in range stress 
A framework that describes user interaction with a low-resource system is the adaptive control 
of range resources (ACOR) model (Franke, Günther, Trantow, Rauh, & Krems, 2015a; Franke & Krems, 
2013a, Franke & Krems, 2013b), which draws from concepts of different control models (Lazarus & 
Folkman, 1984; Fuller, 2005; Summala, 2007; Hancock & Warm, 1989) to account for drivers’ 
interaction with limited BEV range (see Figure 1). The fundamental assumption of this model is that 
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BEV drivers continuously manage (i.e., monitor and control) the fit of (1) available range resources (i.e., 
displayed range) to (2) their actual range resource needs (i.e., trip lengths) with the goal of keeping 
the available range resource buffer within their individual comfort zone (Franke et al., 2015a). The 
higher the discrepancy becomes between this available buffer and drivers’ preferred safety buffer (i.e., 
similar to safety margin concept of Summala, 2007), the more likely drivers will experience discomfort 
and, finally, stress (see also Hancock & Warm, 1989). 
Hence, two basic assumptions underlie the model. First, there has to be an objective basis for 
range stress. The more often a BEV driver encounters critical range situations due to individual mobility 
patterns, the higher the extent of ERS should be. Second, objectively similar critical range situations 
can lead to a highly diverse subjective experience (i.e., range appraisal) because of individual coping 
skills and resources, resulting in different intensities of range stress. 
However, everyday interaction with limited range resources of BEVs is typically not 
characterized by experience but rather by avoidance of range stress (Franke & Krems, 2013a), because 
drivers usually have various opportunities to cope with situational demands. Thus, drivers develop 
coping routines (e.g., charging styles; Franke & Krems, 2013b) that lead to an increase in resources 
before critical situations (i.e., coping necessities) may arise (i.e., routinized coping). Nevertheless, there 
tend to be fluctuations in situational demands, most of which can be easily anticipated such that 
drivers are able to adapt their behavior (i.e., break from their routines) before the situation becomes 
critical (i.e., anticipatory coping). Even if fluctuations are strong and/or unpredictable, drivers can often 
still compensate for an evolving critical situation (i.e., compensatory coping).  
Range stress will only result if all kinds of coping fail. This likelihood of failure is dependent on 
the drivers’ adaptive capacity (i.e., drivers’ individual resilience against range stress), which can be 
assumed to be composed of several resilience factors that affect different components of the coping 
process. Hence, we essentially conceptualize resilience as the users’ adaptive capacity to handle critical 
situations in order to avoid negative outcomes (e.g., discomfort, stress). This definition acknowledges 
the fact that, while a well-established resilience definition is missing in the field, adaptive capacity is a 
core element of the resilience framework (Bergström, van Winsen, & Henriqson, 2015; Sheridan, 
2008). We judge resilience as a relevant concept for the present research as the resilience framework 
has been discussed as particularly promising for developing sustainable systems (Folke, 2006).  
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Figure 1. Simplified illustration of the ACOR model showing how different adaptation mechanisms (i.e., 
kinds of coping) can help to avoid range stress. There are two paths to coping behavior. First, 
convenient coping opportunities can directly initiate coping behavior (especially for routinized coping). 
Second, situational demands can lead to an anticipated or actual small available range buffer. If this 
buffer is smaller than the preferred range buffer this can lead to the appraisal of a coping necessity 
and therefore initiate increased coping efforts (i.e., anticipatory/compensatory coping). If all of these 
coping mechanisms fail, this can lead to experience of range stress.  
 
2.3 Fostering resilience against range stress in everyday BEV usage. 
In searching for factors that could contribute to increased adaptive capacity to cope with 
critical range situations, the first, and most basic factor within the ACOR model is practical experience 
(i.e., drivers develop routines and strategies to deal with situations over time) with the system (see 
also Luettringhaus & Nilsson, 2012). This factor can be assumed to be composed of different facets, 
foremost among which are (1) accumulated practice and (2) experience gathered from exploring 
relevant situations (Rauh et al., 2015; Pichelmann, Franke, & Krems, 2013; Franke, Cocron, Bühler, 
Neumann, & Krems, 2012a). In fact, practical experience has also been broadly discussed as a general 
resilience factor (e.g., Hollnagel, 2011). 
Second, the extent of specific coping skills (e.g., facets like relevant knowledge, subjective 
range competence; Franke & Krems, 2013a) should also contribute to individual adaptive capacity 
against ERS. Such concepts have also been discussed in the general resilience literature (e.g., Morel, 
Amalberti, & Chauvin, 2008). 
Third, the factor with the most direct effect on range appraisal (and therefore range stress), 
and found to show particularly high inter-individual variance, is individual tolerance of low-resource 
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situations (e.g., as signified by the individual range safety buffer, i.e. comfortable range; Franke et al., 
2015a). 
Finally, technical system characteristics also contribute to resilience (i.e., system coping 
support; e.g., Navarre, Palanque, Barboni, Ladry, & Martinie, 2011). As depicted in Figure 1, the 
available range buffer is the central variable that indicates range resources (i.e., external input signal 
for range appraisal). However, its assessment is dependent on one essential system element: the range 
estimation system of the BEV (i.e. range display and calculation algorithm). In any low-resource system, 
there will be a certain degree of uncertainty associated with the resource indicator leading to a certain 
degree of experienced trustworthiness. Users have to incorporate this in their appraisal process. Thus, 
higher trustworthiness (i.e., reliability, dependability, traceability) of the range estimation system can 
support users’ coping efforts, and thereby contribute to general resilience against range stress.  
Together, these factors contribute to the rarity of range stress occurrences. Yet, the effect of 
range stress on general user experience should not be underestimated because also such rare but 
severe events may have adverse effects on user satisfaction and acceptance. Figure 2 summarizes the 
proposed predictors (situational demand indicator, facets of resilience factors, resilience factors) and 
outcomes of ERS including references to the hypotheses that are specified in Table1. 
Hence, the task for human factors research is to examine (1) the impact of individual facets of 
the resilience factors (i.e., to understand individual variables that can be targeted in practical 
interventions), (2) the individual and relative impact of the four discussed resilience factors (see Figure 
2), and (3) the total impact of all four resilience factors on ERS. Finally (4), it is crucial to examine the 
real impact of ERS on user satisfaction and acceptance.  
 
Figure 2. Predictors and outcomes of ERS. The hypotheses numbers (e.g., H1) refer to our hypotheses 
as specified in Table 1. 
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3 PRESENT RESEARCH 
The objective of the present research was to advance understanding of factors that can protect 
against ERS in BEV usage. The specific hypotheses are summarized in Table 1. 
Table 1. Hypotheses tested in the present study 
Model component 
Hypo-
thesis 
Specification of hypothesis 
Frequency of critical 
range situations 
H1 
Less frequent encounter with critical range situations (i.e., 
fewer situations per 1000 km) is related to lower ERS. 
Practical experience 
H2a 
Practical experience with a BEV in general is related to lower 
ERS (i.e., range stress decreases when practical experience 
increases). 
H2b 
Higher accumulated practice with the BEV in terms of total 
distance driven is related to lower ERS. 
H2c 
A higher amount of specific experience from exploring low-
range situations (i.e., having actively exhausted range) is 
related to lower ERS. 
Coping Skills H3a Higher subjective range competence is related to lower ERS. 
H3b Higher technical system knowledge is related to lower ERS. 
Tolerance of low range 
H4a 
Higher comfortable range (i.e., larger range comfort zone) is 
related to lower ERS. 
H4b 
Lower aversiveness of low-range situations is related to 
lower ERS. 
Trustworthiness of 
range estimation 
H5 
Higher experienced trustworthiness of range estimation is 
related to lower ERS. 
Collective adaptive 
capacity 
H6 
A collective higher adaptive capacity (i.e., all resilience 
factors together) is related to lower ERS. 
Outcome variables H7a Lower ERS is related to higher range satisfaction. 
H7b Lower ERS is related to higher general BEV acceptance. 
 
4 METHOD 
4.1 Field study setup 
The present research was part of a large-scale BEV field trial in Germany. A key objective was 
to comprehensively examine user-range interaction. Within the field trial, there were four main time 
points of data collection: before vehicle handover (T0), after the first week of BEV usage (T0+1), after 
six weeks (T1) and at vehicle return after 12 weeks (T2). At each point of data collection, users 
completed interviews and questionnaires. A person-based main user data collection approach was 
applied, i.e., only data from the main user of the BEV was analyzed. The BEV was the BMW ActiveE 
with a maximum available driving range of 130-160 km in real terms, depending on driving style 
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(Ramsbrock, Vilimek, & Weber, 2013). Users had charging opportunities at home and/or work 
depending on their mobility patterns. Fifteen BEVs were available for the study. Five subsequent data 
collection phases allowed a sample of 75 drivers. For further methodological details see Franke et al. 
(2014). 
4.2 Participants 
Information on the project was broadly distributed via diverse media channels (e.g., radio, 
newspaper). People could apply via an online screener questionnaire (673 applicants). Requirements 
for participation included (1) the willingness to pay the monthly full service leasing rate of 450 € 
(reduced to 370 € when the BMW i3 entered the market), (2) a charging opportunity or the possibility 
to install a charging station, and (3) a mobility profile that could be expected to result in a frequent 
and active interaction with range (≥90 km daily driving distance with the BEV). As restrictions for 
inclusion in the sample were similar to those for leasing a BEV, we expect the sample to represent early 
BEV customers in Germany. 
The N = 72 users who completed the study had an average age of 42.8 years (SD = 9.5), 17% 
were female, 57% had a university degree, and drove M = 87.9 km (SD = 25.2) with their BEV on an 
average day with BEV mobility (N = 68, see section 4.3.2). 
4.3 Scales and measures 
Questionnaire scale items are presented in the Appendix. Reliability was acceptable for all 
scales (see Table 2). 
4.3.1 Range stress 
We queried a moderate degree of range stress (i.e., worry instead of anxiety) to obtain a 
normally distributed variable that still targeted a prototypic form of stress (i.e., worry instead of only 
having range in mind). 
As the primary score for regression analyses, range stress was assessed at T2 with three items 
referring to the T1-T2 study period, i.e., best reflecting everyday range stress after the adaptation 
phase, which takes considerable time (Pichelmann et al., 2013). Further, to test H2a (decrease of range 
stress with experience) items were also administered at T0 (anticipated range stress), T0+1 and T1 
(referring to the respective preceding study period). 
 
 
4.3.2 Logger data scores 
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To assess variables for H1 (frequency of critical range situations) and H2b (accumulated 
practice with BEV), data loggers in the BEV recorded relevant parameters. Personalized car keys were 
used to filter out data segments that were not generated by the main user of the BEV. Before we 
computed the final scores there was an extended period of data validation where signals from the 
three different available data loggers were compared with regard to reliability and validity of data 
recording in order to identify the most accurate data source for each signal. The computed scores are 
described in sections 5.1 and 5.2.2. Because of missing logger data there were N = 68 users. 
4.3.3 Active range exhaustion (H2c) 
Two items assessed active range exhaustion at T1 and T2. To receive an indicator that 
represented the entire trial (see also Note below Table 2) a mean score was computed from combined 
T1 and T2 values.  
4.3.4 Subjective range competence (H3a) 
We extended the subjective range competence scale of Franke and Krems (2013a) in the 
present study (i.e., constructed two additional items resulting in a 6-item scale) to improve reliability. 
A mean score was computed from combined T1T2-values.  
4.3.5 Technical system knowledge (H3b) 
As an extension of our previous 3-item scale (Franke & Krems, 2013a), a 6-item scale assessed 
participants’ system knowledge regarding relevant aspects of BEV technology at T1. This scale was not 
assessed again at T2 as the values were expected to be stable between T1 and T2 and questionnaire 
space at T2 was particularly limited. 
4.3.6 Comfortable range (H4a) 
Comfortable range was assessed with the comfortable range scenario task (CRST, 
comprehensively described in Franke et al., 2015a) at T1 and T2. The CRST assesses a user’s individual 
range comfort zone based on a standardized scenario (60 km trip), asking participants to rate 
experienced range comfort on four items (e.g., “I am sure I will reach the destination with my BEV.”). 
This rating is done for 10 different range configurations (45-90 km range) per item. For each of the four 
items, the range configuration where users shift from optimal (completely agree) to sub-optimal range 
comfort is defined as the comfortable range threshold (e.g., 70 km) and a mean of the four item scores 
is computed (e.g., 67.5). Finally, by dividing 60 km / comfortable range threshold, the users’ 
proportional comfortable range utilization (e.g., 89%) is computed. The CRST has been successfully 
used in several studies (Franke et al., 2015a; Franke, Neumann, Bühler, Cocron, & Krems, 2012b; 
Franke & Krems, 2013a; Franke & Krems, 2013b). Again, a T1T2-score was computed. Single missing 
values and data sets where one item could not be scored resulted in N = 64.  
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4.3.7 Low-range aversiveness (H4b) 
Two items assessed low-range aversiveness at T1 and T2. Again, a combined T1T2-score was 
computed.  
4.3.8 Experienced trustworthiness of range estimation system (H5) 
First, the 5-item facets of trustworthiness scale (Franke et al., 2015b) was assessed at T1 and 
T2 which asked users to rate facets of trustworthiness (e.g., traceability, reliability) of the range 
estimation system (i.e., range display and calculation algorithm). Again, a combined T1T2-score was 
computed.  
Second, the 12-item trust in automated systems scale (Jian, Bisantz, & Drury, 2000) was 
assessed. The scale had been translated to German within a previous research project (Beggiato, 2015). 
The instruction specified the system as the range estimation system. The scale was only assessed at T1 
because of limited space in the T2 questionnaire and the scale being relatively long.   
We used these two scales instead of just one because an additional methodological question 
of our study was to examine to what extent our newly developed economic scale would yield similar 
results to the established scale.  
4.3.9 Range satisfaction (H7a) 
Final range satisfaction was assessed at T2. The 6-item scale was an extension of an earlier 
scale (Franke & Krems, 2013a). 
4.3.10 BEV acceptance (H7b) 
The 9-item Van der Laan acceptance scale (Van der Laan, Heino, & De Waard, 1997), which 
assesses the acceptance facets satisfaction and usefulness, was used to assess acceptance of the BEV 
(under given usage profile) at T2. We computed one mean score because an exploratory factor analysis 
clearly suggested a one-factor solution. 
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Table 2. Reliability analysis and descriptive statistics for scores used in the regression analyses 
Scale Cronbach’s alpha rT1T2 M SD 
Range stress T2: .75 .72 3.21 1.06 
Active range exhaustion T1T2: .85 (T1: .89, T2: .71) .70 3.59 1.36 
Subjective range competence T1T2: .85 (T1: 79, T2: .80) .78 4.58 0.61 
Technical system knowledge T1: .81  4.47 0.71 
Comfortable range T1T2: .97 (T1: .96 , T2: .95) .77 0.90 0.10 
Low-range aversiveness T1T2: .80 (T1: .73, T2: .73) .72 3.89 1.17 
Facets of system trustworthiness T1T2: .92 (T1: .87, T2: .90)  .78 5.01 0.66 
Trust in automated systems T1: .88  5.36 0.72 
Range satisfaction T2: .89  3.80 1.08 
Acceptance T2: .88  4.48 0.51 
Note. For range stress the T2 score (i.e., referring to T1T2-period) was the primary variable for the analysis 
(see section 4.3.1). Cronbach’s Alpha for other time points was also ≥.75. For all predictor variables we 
combined T1 and T2 scores to receive a variable that referred to the same T1T2-period (also supported by 
strong T1T2 correlations). Hence, Cronbach’s Alpha of averaged T1T2 item values is the main indicator of 
reliability. For the two scales, technical system knowledge and trust in automated systems, this was 
impossible as these were only available for T1 due to questionnaire length limitations at T2. The two final 
outcome variables were assessed at T2. The M and SD columns depict the final scores used in the regression 
analyses. 
5 RESULTS  
We used partial correlation, contrast analysis, and regression analyses to test our hypotheses. 
We tested for univariate outliers according to Grubbs (1969), and none were identified. We interpreted 
effect sizes according to Cohen’s conventions (1992). A significance level of .05 and one-tailed tests 
(i.e., because of directional hypotheses, exception: F-test of R2 in multiple regression) were used. 
Statistical results for H2b to H5 are presented in Table 3 (for H6 see Table 4; for H7 see Table 5). All 
other information regarding analyses and results are given in the text. 
5.1 Frequency of critical range situations and range stress (H1) 
To test H1 we assessed the number of critical range situations that participants encountered 
per km, based on logger data. We decided to use the most unambiguous and face-valid indicator – a 
situation where a user experiences a very low charge level. Therefore, we counted the total number 
of discharge cycles (i.e., period between two charging events) with a minimum state-of-charge <10% 
and divided this by the total driven distance of the user (i.e., finally scored as number of situations per 
1000 km).  
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We used a threshold of <10% because all comfortable range variables (CRST and other single-
item measures, see Franke et al., 2015a) consistently indicated that drivers in the present sample were 
typically still comfortable with a range safety buffer of slightly >10%. While this rather conservative 
definition of a critical range situation was necessary, it resulted in 19 users with zero situations 
recorded by the data loggers, which created a problem for the correlation analysis (i.e., normality 
assumption). Hence, we could compute the analysis only with the N = 49 users who had >0 situations 
(i.e., for this sub-sample a log-transformation could correct normality problems).  
The final challenge was that several critical range situations were attributable to users actively 
exhausting the BEV range limits (i.e., mostly in a “protected environment” with available safety 
options, as stated during interviews) that should not be related to more ERS. To control for this factor, 
we computed a partial correlation analysis with the variable active range exhaustion (see section 4.3.3) 
as control variable. 
As expected for H1, the less frequently users encountered critical range situations the lower 
the ERS, as revealed in a moderate and significant effect (rpartial = .34, p = .010).  
5.2 Practical experience and range stress (H2) 
5.2.1 Decrease of range stress with experience (H2a) 
To test H2a, we conducted a contrast analysis according to Furr and Rosenthal (2003). Because 
we expected a steady decrease of range stress with increasing practical experience, we used the 
contrast weights 19, 15, –5, –29 to map this hypothesis onto our four points of data collection (i.e., to 
account for different time intervals between data collection points following Furr, 2008). The results 
showed that the data fitted H2a, revealing a strong, significant relationship between hypothesis and 
data (rcontrast = .56, t(71) = 5.80, p < .001), indicating the above-mentioned negative relationship 
between time of measurement and ERS. In addition to this general trend, Figure 3 shows that the 
decrease in range stress was somewhat more pronounced over the first week of vehicle usage 
compared to subsequent weeks. 
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Figure 3. Average range stress ratings as a function of time of measurement (N = 72). Error bars 
represent 95% confidence intervals. 
 
5.2.2 Effect of total driven distance (H2b) 
To test H2b, we computed the total distance driven by the main user with the BEV until T2 
based on logger data. For this and all following univariate regression analyses, assumptions (normality, 
linearity, no outliers) were tested according to Field (2009). Assumptions were satisfactorily met 
despite single outliers for some analyses that were detected via case-wise diagnostics (standardized 
residuals, Cooks distance, leverage values, standardized DFBeta). Consequently, analyses were 
computed with and without these cases, as suggested by Urban and Mayerl (2008). All results are 
depicted in Table 3. 
As expected for H2b, the higher the total distance driven with the BEV, the lower the ERS, as 
revealed in a significant yet relatively weak effect (see column ß-weights in Table 3, for univariate 
regression ß-weights are equivalent to r). 
5.2.3 Effect of actively exhausting range (H2c) 
As expected for H2c, the more specific experience that drivers had gathered with low-range 
situations (i.e., the more they had actively exhausted range), the lower the ERS (moderate and 
significant effect). 
5.3 Acquired coping skills and range stress (H3) 
As expected for H3a, the higher the subjective range competence, the lower the ERS, as 
revealed in a moderate and significant effect. 
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Regarding H3b, the effect was in the expected direction (i.e., higher technical system 
knowledge was related to lower range stress) but was weak and not clearly significant (i.e., only 
significant in analysis with outliers). 
5.4 Tolerance of low-range situations and range stress (H4) 
As expected for H4a, the higher the comfortable range the lower the ERS, as revealed in a 
moderate and significant effect (strong effect in analysis without outlier cases). 
Also, as expected for H4b the lower the individual low-range aversiveness, the lower the ERS 
(moderate and significant effect). 
5.5 Perceived trustworthiness of range estimation system and range stress (H5) 
As expected for H5, the higher the experienced trustworthiness of the range estimation system 
the lower the ERS, as revealed in a moderate, significant effect for both indicators (i.e., scales). Indeed, 
both scales produced almost equal results giving some indication that our newly developed scale is 
useful to assess experienced trustworthiness (for further analyses see Franke et al., 2015b). 
Table 3. Relation of individual predictor variables to ERS 
Model 
component 
Hypothesis: 
variable 
N ß p R2adj. Outliers 
Practical 
experience 
H2b: distance 
driven 
68 (66) -.22 (-.25) .034 (.022) .04 (.05) 
Lval = .12 
zRE = -2.65 
H2c: active range 
exhaustion 
72  -.36  .001  .12   
Coping skills H3a: subjective 
range competence 
72 (70) -.34 (-.28) .002 (.009) .10 (.07) 
Lval = .09 
Lval = .14 
H3b: technical 
system knowledge 
72 (71) -.21 (-.17) .039 (.082) .03 (.01) Lval = .11 
Tolerance of  
low range H4a: comfortable 
range 
64 (61) -.47 (-.51) <.001 (<.001) .21 (.25) 
Lval = .13 
zRE = -2.39 
zRE = -2.18 
H4b: low-range 
aversiveness 
72  .45  <.001  .19   
Trust-  
worthiness  
of range 
estimation 
H5: facets of 
trustworthiness  
72  -.32  .003  .09   
H5: trust in 
automation 
72 (71) -.33 (-.32) .002 (.003) .10 (.09) Lval = .09 
Note. P-values are one-tailed. Both variables of the facet trustworthiness of range estimation were cube-
transformed to meet the assumption of normality. Lval = Leverage value. ZRE = z-standardized residual value. 
Outliers were identified and the analysis was repeated without these cases. Results after outlier exclusion are 
given in parentheses. 
5.6 Total variance explained by examined resilience factors (H6) 
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To examine the amount of variance that the examined resilience factors can explain in total 
(H6), we computed an additional multiple regression analysis (method: forced entry). In accordance 
with our model (see Figure 2), we aggregated the eight variables into the four respective factors 
(practical experience, coping skills, tolerance of low range, trustworthiness of range estimation) by 
computing factor scores. Resulting factor loadings were acceptable for all but one variable (.25 for 
range competence, other factors .46 – .84). In the end, we decided to compute the factor scores in 
order to be able to examine the model. That is, we judged that the problems associated with testing 
eight predictors (i.e., multi-collinearity and too small sample size for testing so many predictors) far 
outweighed the problem of including a relatively heterogeneous factor score in the analysis. 
Assumptions (i.e., no multivariate outliers, normally distributed residuals, no multicollinearity, no 
heteroescadacity) were tested according to Field (2009) and were satisfactorily met. 
As depicted in Table 4, the model explained approximately 30% of variance in ERS. Inspecting 
zero-order correlations it can be seen that all factors were related to range stress (moderate to strong 
effects). Yet, as indicated by part correlations, these contributions to range stress were partially 
redundant. In particular, the effect of experience on ERS disappeared with the introduction of further 
factors (compare zero-order versus part correlations), indicating that this factor does not explain 
variance in ERS that cannot also be explained by the other factors. Tolerance of low range and 
trustworthiness of range estimation are significant predictors of ERS, and hence contribute particularly 
to lower range stress. 
Table 4. Relation of aggregated model factors to ERS 
Predictor 
(model component) 
rzero-order rpartial rpart ß p R2adj (R2) p 
Practical experience -.29 .00 .00 .00 .498 
.30 (.35) <.001 
Coping skills -.35 -.16 -.13 -.15 .112 
Tolerance of low 
range -.50 -.38 -.34 -.42 .002 
Trustworthiness of 
range estimation -.37 -.25 -.21 -.23 .032 
Note. N = 60 because of missing values. P-values for ß-weights are one-tailed, p-value for the variance explained 
by the whole model (R2adj) is two-tailed (i.e., because of omnibus test).  
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5.7 Outcomes of range stress (H7) 
As expected for H7a, the more ERS users experienced between T1 and T2, the lower their range 
satisfaction at T2 (significant effect, weak to moderate, see Table 5). 
For H7b, also as expected, the higher the ERS the lower the general BEV acceptance in terms 
of perceived usefulness and satisfaction (significant, moderate effect).  
Table 5. Relation of ERS to outcome variables 
Model 
component 
Hypothesis: 
variable 
N ß p R2adj. Outliers 
Outcome 
variables 
H7a: range 
satisfaction 
72 (71) -.22 (-.32) .032 (.004) .03 (.09) 
zRE = -2.66 
Lval = .08 
H7b: BEV 
acceptance  
72 (70) -.33 (-.40) .003 (<.001) .09 (.15) 
zRE = -2.43 
zRE = 2.19 
Note. P-values are one-tailed. BEV acceptance was exponentially transformed (exponent: 4) to meet the 
assumption of normality. Lval = Leverage value. ZRE = z-standardized residual value. Outliers were identified and 
the analysis was repeated without these cases. Results after outlier exclusion are given in parentheses. For range 
satisfaction, the one outlier case was detected via two measures.  
 
6 DISCUSSION 
6.1 Summary of Results 
The objective of the present research was to examine factors that can protect against range 
stress in everyday BEV usage. In general, our hypotheses were confirmed. Less frequent encounters 
with critical range situations (H1), experience in general (H2a), higher accumulated practice (H2b), 
higher gathered experience from exploring low-range situations (H2c), higher subjective range 
competence (H3a), higher comfortable range (H4a), lower aversiveness of low-range (H4b) and higher 
experienced trustworthiness of the range estimation system (H5) were all related to lower ERS. Only 
H3b, regarding higher technical knowledge, was not clearly confirmed. Moreover, together, the four 
examined resilience factors could account for a considerable share of the variance in ERS (H6). 
Particularly, tolerance of low range and trustworthiness of range estimation turned out to be key 
predictors of ERS (i.e., key resilience factors) and should therefore be considered as core concepts in 
further development of a general model of user interaction with low-resource systems. Finally, as 
expected, range stress was also found to be relevant for range satisfaction (H7a) and BEV acceptance 
(H7b). 
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6.2 Implications 
The results of the present research show that there is an objective basis for ERS (see results of 
H1). Yet, the results also reveal the important impact of users’ individual adaptive capacity (at least 
factors such as practical experience, coping skills, tolerance of low-resource situations, system coping 
support) on ERS. This contribution of subjective factors to range stress reveals the great potential of 
green ergonomics interventions (Thatcher, 2013). This pattern of results is also in accordance with the 
ACOR model (see section 2.2). 
Particularly based on the premise that wasting battery resources is not sustainable (see section 
1 and Franke & Krems, 2013b), it becomes clear that improving user-friendliness of range management 
should be given high priority in further system development. This is especially true in view of the 
demonstrated relationship of ERS to user satisfaction and BEV acceptance, which clearly shows that 
counteracting even relatively infrequent instances of ERS could contribute considerably to increased 
adoption of sustainable system layouts. 
With regard to methodological implications, the general field study approach of the present 
research proved promising for identifying resilience factors against ERS. However, this is only a first 
step towards improved system design. In further steps, experimental research should develop and test 
intervention strategies for the variables identified as increasing drivers’ adaptive capacity (e.g., 
increase resource indicator trustworthiness, help users gain experience with critical system states). 
Hence, to support sustainable development, human factors research must be based on an iterative 
interplay of different methodological approaches that build upon each other, with the ultimate goal of 
establishing a general theory of user interaction with sustainable systems.  
Another implication concerns the effect of experienced trustworthiness of range estimation 
on ERS. This effect shows the importance of a well-designed human-machine interface (HMI) for 
resource information and implies that in further development of such interfaces, experienced 
trustworthiness should be a primary benchmark variable for system design and evaluation. In this 
regard, the self-constructed 5-item trustworthiness scale seems to be a good indicator to assess 
trustworthiness of range estimation, as it yielded comparable results to the established scale of Jian et 
al. (2000) and yet, is shorter and has higher face validity (i.e., is easier to relate to a display-based 
information system for respondents). 
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6.3 Limitations and further research 
Several limitations and directions for further research have to be considered. First, the 
analyzed indicator for critical range situations was not exhaustive as it covered only one kind of critical 
range situation (i.e., very low resource state), and this led to several users having no such situations 
recorded. In our study, this was the only type of situation that could be identified unambiguously based 
on the available logger data. A more comprehensive indicator could be to continuously track the 
available range buffer and compute the relative share of kilometers driven under critical range 
conditions.  
Second, in an ideal case it would have been possible to test all our hypotheses together in a 
structural equation model. However, our sample size was not sufficient to conduct a structural 
equation model analysis with so many variables. A possibility for future research could be to strive to 
simplify the research design to render it possible to examine the relevant constructs maybe even in an 
online questionnaire study with a large sample of early-adopter BEV customers. 
Third, the present research only examined one aspect of technical system coping support (i.e., 
trustworthiness of range estimation system). In addition to supporting drivers in their range prediction 
(i.e., range assessment) further technical coping support systems (i.e., driver information and assistant 
systems) could be developed to increase drivers’ ability to control (i.e., extend) range, for example, 
systems that help to reduce cognitive workload in ecodriving.  
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7 KEY POINTS 
- We examined the role of drivers’ adaptive capacity (i.e., resilience) in drivers’ everyday 
range stress (ERS) in battery electric vehicle (BEV) usage. 
- The examined resilience factors (practical experience, coping skills, tolerance of low range, 
and trustworthiness of range estimation) have the potential to protect against range 
stress. 
- Together the resilience factors explained approximately 30% of variance in ERS. 
- Higher ERS was related to lower range satisfaction and lower BEV acceptance. This 
underlines the importance of developing strategies that protect against range stress. 
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10 APPENDIX 
Translated item texts of all newly constructed or revised scales  
(original German item wording can be obtained from the authors).  
Scale label Item text 
Range stress While driving with the BEV… 
i1: …I am more worried about the range than I would be in a combustion vehicle. 
i2: …I am often worried about the range. 
i3r: …I seldom have worries about the remaining range. 
Active range 
exhaustion 
i1: I have repeatedly exhausted the range of the ActiveE. 
i2r: I have deliberately avoided driving at the range limit of the BEV. 
Subjective 
range 
competence 
i1: I can precisely estimate the range of my BEV under various conditions. 
i2: I know how far I can go on a full charge. 
i3: I can precisely estimate the influence of different factors on the range of my BEV.  
i4r: The range of my BEV is mostly affected by factors over which I have no inﬂuence. 
i5: How far I can go with my BEV (which range I obtain) essentially depends upon me. 
i6: The range I can reach with my BEV is mostly dependent on factors that I can control. 
Technical 
system 
knowledge 
i1: I am familiar with the propulsion technology of electric vehicles (e.g., types and 
functionality of electric engines). 
i2: I am familiar with conventional units of electricity (e.g., meaning of watt, ampere, kWh). 
i3: I know different characteristics of various battery chemicals/materials. 
i4: I have an idea about how recuperation technically works.  
i5: I am able to explain why an electric vehicle is more efficient than an internal combustion 
vehicle, especially in urban areas. 
i6: I am familiar with concepts like energy density and energy conversion efficiency. 
Low-range 
aversiveness 
i1r: I am still rather relaxed when the battery is almost empty. 
i2: I always want to have an energy reserve in the battery. 
Facets of 
system 
trustworthiness 
i1: The range estimation of the BEV is reliable.  
i2: The range estimation of the BEV is precise.  
i3: The range estimation of the BEV is traceable. 
i4: I can trust the range estimation of the BEV. 
i5r: I cannot depend on the range estimation in the BEV. 
Range 
satisfaction 
i1: I am satisfied with the range of the BEV. 
i2: The range of the BEV meets my expectations. 
i3: The range of the BEV is sufficient for accomplishing my trips. 
i4: The range of the BEV is sufficient for everyday use.  
i5r: I feel constrained in my action radius due to the range of the BEV. 
i6r: The range of the BEV is a major barrier for its usage as a normal vehicle. 
Note. Items with an “r” were reversed before computing a mean score. Items of scales that have already 
been published are omitted (references are included in the Method section). Participants answered all items 
displayed here on a 6-point Likert scale from completely disagree to completely agree, coded as 1 to 6.  
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